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CORROSION-RESISTANT METAL SURFACES

[0001] This invention was made with Government support
under contract number DE-AC02-98CH10886, awarded by
the U.S. Department of Energy. The Government has certain
rights in the invention.

[0002] The present invention relates to corrosion-resistant
metal surfaces, and in particular, wherein a metal surface is
rendered corrosion-resistant by application of a corrosion-
resistant film. The invention also includes novel methods for
producing such corrosion-resistant metal surfaces.

BACKGROUND OF THE INVENTION

[0003] As is well known, hexavalent chromium (Cr*®) is
one of the mostly widely used corrosion inhibitors for metal
substrates. Hexavalent chromium has long provided out-
standing corrosion resistance in combination with low cost.

[0004] However, hexavalent chromium is known to be
extremely toxic to humans as well as polluting to the
environment. Accordingly, there continues to be ongoing
research to find corrosion-resistant coatings which are both
chromium-free and economical.

[0005] For example, U.S. Patent Application No. US
2004/0022950 Al to Jung et al. discloses coating metal
substrates by applying a formulation which can include
aminoalkyl-functionalized siloxanes in combination with
metal oxide particles. Some of the metal oxide particles
disclosed therein include, for example, cerium oxide and
lanthanum oxide particles. The initially coated metal sub-
strate is disclosed as being optionally thermally cured.

[0006] The coating in Jung et al. is disclosed as having a
thickness of 0.01 um to 10 um, i.e., 10 nm to 10,000 nm
thickness. Jung et al. also disclose a preferred coating
thickness of 0.1 to 6 pm, and a most preferred thickness of
0.7 to 2 pm, i.e., 700 to 2,000 nm thickness. Accordingly,
Jung et al. disclose covering a metal surface with a film
preferably of micron range thickness.

[0007] However, in order to enhance the properties of
metal surfaces selected for a particular purpose, there is still
a need for ultrathin, for example, less than 10 nm thickness,
chromium-free coatings which can impart corrosion resis-
tance comparable to chromium. There also remains a need
for a convenient and economical method for producing such
ultrathin corrosion-resistant films.

SUMMARY OF THE INVENTION

[0008] In one aspect, the present invention relates to a
corrosion-resistant metal surface. The corrosion-resistant
metal surface includes a metal surface having thereon an
ultrathin corrosion-resistant film. The ultrathin corrosion-
resistant film includes an at least partially crosslinked
amido-functionalized silanol component in combination
with rare-earth metal oxide nanoparticles. The ultrathin
coating preferably has a thickness of less than ten nanom-
eters. The thickness of the ultrathin coating is more prefer-
ably approximately five nanometers or less.

[0009] In the ultrathin corrosion-resistant film, the rare-
earth metal oxide nanoparticles include an oxide of one or
more metal ions selected from the class of lanthanide metals,
actinide metals, or a combination thereof. For example, the
rare-earth metal oxide nanoparticles can include an oxide of
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one or more metal ions selected from lanthanum, cerium,
praesodymium, neodymium, promethium, samarium,
europium, gadolinium, terbium, dysprosium, holmium,
erbium, thulium, ytterbium, or lutetium. In a preferred
embodiment, the rare-earth metal oxide nanoparticles are
nanoparticles of cerium oxide or samarium oxide.

[0010] In a preferred embodiment, the at least partially
crosslinked amido-functionalized silanol component is com-
posed, minimally, of at least partially crosslinked versions of
one or more silanol compounds represented by the formula
R! R?_R>®Si(OH), . .. (1). In formula (1), R', R?, and R?
each independently represent H; or a saturated or unsatur-
ated, straight-chained or branched, or cyclic, polycyclic,
fused, or acyclic hydrocarbon group having 1 to 50 carbon
atoms; wherein for at least one of the one or more silanol
compounds, at least one of R', R?, and R? represent hydro-
carbon groups and at least one of the hydrocarbon groups
has one or more hydrogen atoms substituted by one or more
primary amino groups, one or more of which are N-acylated
with one or more acyl groups; or alternatively, or in addition,
one or more secondary carbon atoms substituted by one or
more secondary amino groups, one or more of which are
N-acylated with one or more acyl groups.

[0011] In formula (1), one or more hydrocarbon groups,
either substituted or not substituted by one or more primary
or secondary amino groups, optionally have one or more
carbon atoms substituted by one or more additional heteroa-
tom linkers or heteroatom groups; or alternatively, or in
addition, have one or more hydrogen atoms substituted by
one or more additional heteroatom groups. In addition, when
two or all of RY, R?, and R? are present and two or all of R*,
R? and R? are hydrocarbon groups, two or three of the
hydrocarbon groups can be optionally connected to form a
silicon-containing ring or polycyclic ring system.

[0012] In formula (1), the subscripts m, n, and r indepen-
dently represent 0 or 1; provided that m, n, and r are not all
0; and when m, n, and r are all 1, then at least one of R', R?,
and R? is additionally substituted with one or more groups
selected from =Si(OH), =Si(OH),, or —Si(OH);, wherein
the symbols = and = represent two and three separate single
bonds, respectively, wherein each single bond is between a
silicon atom and a carbon atom, or between a silicon atom
and a suitable heteroatom. In a preferred embodiment, one
or more additional heteroatom linkers or heteroatom groups
are one or more silano linkers or silano groups.

[0013] More preferably, the one or more silanol com-
pounds are silanetriol compounds independently represented
by the formula R'Si(OH), (2). In formula (2), R! indepen-
dently represents a saturated or unsaturated, straight-chained
or branched, or cyclic, polycyclic, fused, or acyclic hydro-
carbon group having 1 to 50 carbon atoms, wherein for at
least one of the silanetriol compounds, one or more hydro-
gen atoms of the hydrocarbon group are substituted by one
or more primary amino groups, one or more of which are
N-acylated with one or more acyl groups; or alternatively, or
in addition, one or more secondary carbon atoms of the
hydrocarbon group are substituted by one or more secondary
amino groups, one or more of which are N-acylated with one
or more acyl groups.

[0014] In a preferred embodiment, R' in formula (2)
represents the formula R*—C(O)—NH—(CH,),— (6). In
formula (6), R* independently represents a saturated or
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unsaturated, straight-chained or branched, or cyclic, poly-
cyclic, fused, or acyclic hydrocarbon group having 1 to 50
carbon atoms; and p represents an integer from 1 to 50. More
preferably, p is an integer from 1 to 20, and R* independently
represents a saturated or unsaturated, straight-chained or
branched, cyclic or acyclic hydrocarbon group having 1 to
10 carbon atoms.

[0015] Preferably, the one or more acyl groups in the
N-acylated primary amino groups or N-acylated secondary
amino groups are independently represented by the formula
R*—C(O)—(5). In formula (5), R* independently represents
H; or a saturated or unsaturated, straight-chained or
branched, or cyclic, polycyclic, fused, or acyclic hydrocar-
bon group having 1 to 50 carbon atoms. More preferably, R*
is a methyl group.

[0016] Preferably, the at least partially crosslinked amido-
functionalized silanol component includes at least partially
crosslinked versions of N-acylated derivatives of one or
more amino-functionalized silanetriols independently
selected from aminomethylsilanetriol, 2-aminoethylsilan-
etriol, 3-aminopropylsilanetriol, 4-aminobutylsilanetriol,
S-aminopentylsilanetriol, 6-aminohexylsilanetriol, 7-amino-
heptylsilanetriol, 8-aminooctylsilanetriol, 9-aminononylsi-
lanetriol, 10-aminodecylsilanetriol, 11-aminoundecylsilan-
etriol, 12-aminododecylsilanetriol,
16-aminohexadecylsilanetriol, and 18-aminooctadecylsilan-
etriol.

[0017] In another embodiment, a portion of the silicon
atoms in the at least partially crosslinked amido-function-
alized silanol component are bound to carboxylate-contain-
ing groups. Preferably, the carboxylate-containing groups
are independently represented by the formula R*—C(0)O~
(7). In formula (7), R® independently represents H; or a
saturated or unsaturated, straight-chained or branched, or
cyclic, polycyclic, fused, or acyclic hydrocarbon group
having 1 to 50 carbon atoms. More preferably, R® indepen-
dently represents a saturated or unsaturated, straight-chained
or branched, cyclic or acyclic hydrocarbon group having 1
to 12 carbon atoms. Even more preferably, the carboxylate-
containing groups are acetate groups.

[0018] In a preferred embodiment, the corrosion-resistant
metal surface includes a metal surface coated with an
ultrathin corrosion-resistant film having a combination of an
at least partially crosslinked N-acylated aminoalkylsilan-
etriol component and cerium oxide nanoparticles. The
ultrathin corrosion-resistant film preferably has a thickness
of less than ten nanometers.

[0019] In another preferred embodiment, a corrosion-re-
sistant metal surface includes a metal surface coated with an
ultrathin corrosion-resistant film having a combination of an
at least partially crosslinked N-acylated aminoalkylsilan-
etriol component and samarium oxide nanoparticles. The
ultrathin corrosion-resistant film has a thickness of less than
ten nanometers.

[0020] The metal surface is preferably selected from the
group consisting of aluminum, aluminum alloy, steel, iron,
iron alloy, copper, copper alloy, lead, nickel, nickel alloy,
zine, zinc alloy, cobalt, cobalt alloy, chromium, and chro-
mium alloy. Some particularly preferred classes of alumi-
num alloys include the classes of aluminum-copper and
aluminum-magnesium alloys. Some particularly preferred
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copper alloys include bronze and brass. A particularly pre-
ferred class of iron alloy include the class of iron-copper
alloys. The metal surface can also be passivated, and in
particular, anodized.

[0021] Particularly relevant to the present invention is
wherein the metal surface is a steel. The steel can be, for
example, a low carbon steel, a medium carbon steel, a high
carbon steel, a galvanized steel, a zinc phosphated steel, or
a stainless steel.

[0022] In another aspect, the invention relates to a method
for producing the corrosion-resistant metal surface
described above. In a preferred embodiment, the method
includes forming on a metal surface the ultrathin corrosion-
resistant film described above, thereby rendering the metal
surface corrosion-resistant.

[0023] More preferably, the ultrathin corrosion-resistant
film is formed by subjecting a metal surface, having thereon
one or more silanol compounds in combination with one or
more rare-earth metal carboxylate compounds, to one or
more treatment steps which promote or effect silanol
crosslinking of the one or more silanol compounds and
degradation of the one or more rare-earth metal carboxylate
compounds to rare-earth metal oxide nanoparticles. At least
one of the silanol compounds is amino-functionalized.

[0024] Even more preferably, the one or more treatment
steps includes a thermal treatment step. The thermal treat-
ment step includes thermally treating a metal surface, having
thereon one or more silanol compounds in combination with
one or more rare-earth metal carboxylate compounds, at a
temperature and for a time sufficient to produce the corro-
sion-resistant metal surface. The thermal treatment step can
be performed by any suitable method. Preferably, thermal
treatment is performed in an oven.

[0025] 1In a preferred embodiment, the coated metal sur-
face is heated to within a temperature range of approxi-
mately 40° C. to 250° C. for approximately 0.5 to 48 hours.
More preferably, the metal surface is heated to within a
temperature range of approximately 90° C. to 150° C. for
approximately 1 to 24 hours. Even more preferably, the
metal surface is heated to a temperature which requires
approximately 2 to 6 hours of heating time.

[0026] Preferably, the combination described above is
applied onto the metal surface as a solution. The solution
contains a liquid phase, one or more silanol compounds
described above, and one or more rare-earth metal carboxy-
late compounds. More preferably, the solution is an aqueous
solution.

[0027] In one embodiment, the metal surface is dipped
into the solution. In another embodiment, the solution is
sprayed onto the metal surface.

[0028] The one or more rare-earth metal carboxylate com-
pounds used in the method are preferably selected from the
group of lanthanide metal carboxylates and/or actinide metal
carboxylates. For example, in one embodiment, the one or
more lanthanide metal carboxylates are composed of a
carboxylate component and one or more metal ions selected
from lanthanum, cerium, praesodymium, neodymium,
promethium, samarium, europium, gadolinium, terbium,
dysprosium, holmium, erbium, thulium, ytterbium, or lute-
tium. For example, the rare-earth metal carboxylate can be
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a cerium or samarium carboxylate, such as, for example,
cerium acetate or samarium acetate.

[0029] The carboxylate component in the rare-earth metal
carboxylate can be independently represented by the for-
mula R*—C(0)O™ (7). In formula (7), Rb independently
represents a saturated or unsaturated, straight-chained or
branched, or cyclic, polycyclic, fused, or acyclic hydrocar-
bon group having 1 to 50 carbon atoms. More preferably, R®
independently represents a saturated or unsaturated, straight-
chained or branched, cyclic or acyclic hydrocarbon group
having 1 to 12 carbon atoms.

[0030] In another embodiment of the method, the one or
more silanol compounds are derived by water-mediated
hydrolysis of one or more siloxane compounds. The water-
mediated hydrolysis can be aided by the inclusion of a
catalytic amount of an acid or other chemical compound.
The one or more siloxane compounds can be independently
represented by the formula R'_R? R>Si(OR*), (3).

[0031] Informula (3), R', R? and R? each independently
represent H; or a saturated or unsaturated, straight-chained
or branched, or cyclic, polycyclic, fused, or acyclic hydro-
carbon group having 1 to 50 carbon atoms; wherein for at
least one of the one or more siloxane compounds, at least
one of R', R?, and R? represent a hydrocarbon group and at
least one of the hydrocarbon groups has one or more
hydrogen atoms substituted by one or more primary amino
groups; or alternatively, or in addition, one or more second-
ary carbon atoms substituted by one or more secondary
amino groups.

[0032] In formula (3), R* independently represents a satu-
rated or unsaturated, straight-chained or branched, cyclic or
acyclic hydrocarbon group having 1 to 6 carbon atoms. R*
can also represent a silano group. Optionally, one or more
hydrocarbon groups either substituted or not substituted by
one or more primary or secondary amino groups, have one
or more carbon atoms substituted by one or more additional
heteroatom linkers or heteroatom groups; or alternatively, or
in addition, have one or more hydrogen atoms substituted by
one or more additional heteroatom groups. In addition, when
two or all of R*, R?, and R> are present and two or all of R',
R?, and R? are hydrocarbon groups, two or three of the
hydrocarbon groups are optionally connected to form a
silicon-containing ring or polycyclic ring system.

[0033] The subscripts m, n, and r independently represent
0 or 1; provided that m, n, and r are not all O; and when m,
n, and r are all 1, then at least one of R!, R?, and R? is
additionally substituted with one or more groups selected
from =Si(OR?), =Si(OR?),, or —Si(OR?),, wherein R?
independently represents H; or a saturated or unsaturated,
straight-chained or branched, cyclic or acyclic hydrocarbon
group having 1 to 6 carbon atoms, or a silano group; and the
symbols = and = represent two and three separate single
bonds, respectively, wherein each single bond is between a
silicon atom and a carbon atom or suitable heteroatom.

[0034] More preferably, the one or more siloxane com-
pounds are independently represented by the formula
RiSi(OR™), (4). In formula (4), R* represents a saturated or
unsaturated, straight-chained or branched, or cyclic, poly-
cyclic, fused, or acyclic hydrocarbon group having 1 to 50
carbon atoms, wherein one or more hydrogen atoms of the
hydrocarbon group are substituted by one or more primary
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amino groups; or alternatively, or in addition, one or more
secondary carbon atoms of the hydrocarbon group are
substituted by one or more secondary amino groups. R* is as
described above.

[0035] In a preferred embodiment, R' in formula (4)
represents the formula H,N—(CH,),— (8). In formula (8),
subscript p preferably represents an integer from 1 to 50.
More preferably, p is an integer from 1 to 20.

[0036] For example, the one or more silanol compounds
can be independently selected from aminomethylsilanetriol,
2-aminoethylsilanetriol, 3-aminopropylsilanetriol, 4-ami-
nobutylsilanetriol, 5-aminopentylsilanetriol, 6-aminohexyl-
silanetriol, 7-aminoheptylsilanetriol, 8-aminooctylsilan-
etriol, 9-aminononylsilanetriol, 10-aminodecylsilanetriol,
11-aminoundecylsilanetriol,  12-aminododecylsilanetriol,
16-aminohexadecylsilanetriol, or 18-aminooctadecylsilan-
etriol.

[0037] Ina particularly preferred embodiment, the method
includes treating a metal surface wetted with an aqueous
solution having a combination of one or more silanetriol
compounds and one or more cerium carboxylate compounds
at a temperature and for a time sufficient to produce the
corrosion-resistant metal surface, wherein one or more ofthe
silanetriol compounds are amino-functionalized. More pref-
erably, one or more of the silanetriol compounds is 3-ami-
nopropylsilanetriol and the cerium carboxylate compound is
cerium acetate.

[0038] In another particularly preferred embodiment, the
method includes treating a metal surface wetted with an
aqueous solution having a combination of one or more
silanetriol compounds and one or more samarium carboxy-
late compounds at a temperature and for a time sufficient to
produce the corrosion-resistant metal surface, wherein one
or more of the silanetriol compounds are amino-functional-
ized. More preferably, one or more of the silanetriol com-
pounds is 3-aminopropylsilanetriol and the samarium car-
boxylate compound is samarium acetate.

[0039] In yet another aspect, the invention relates to the
ultrathin corrosion-resistant film itself. The ultrathin corro-
sion-resistant film includes a combination of the at least
partially crosslinked amido-functionalized silanol compo-
nent and rare-earth metal oxide nanoparticles, as described
above.

[0040] In summary, the present invention is based on the
surprising discovery that an ultrathin coating having an at
least partially crosslinked amido-functionalized silanol com-
ponent combined with rare-earth metal oxide nanoparticles
has outstanding corrosion resistance. In fact, the corrosion
resistance of these coatings can be comparable, and even
superior, to chromium-based coatings.

[0041] Furthermore, unlike chromium-based coatings, the
coatings of the present invention provide excellent coverage
of the substrate metal. This is particularly advantageous
when the substrate to be coated possesses fine structural
detail.

[0042] Additional advantages are provided by the novel
and yet simple process of the invention for producing these
ultrathin coatings. For example, since the method deposits a
coating of ultrathin thickness, the method is highly eco-
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nomical. In addition, the method can provide for fast turn-
around times, thus providing a high degree of efficiency.

DETAILED DESCRIPTION OF THE
INVENTION

[0043] In one aspect, the invention relates to a corrosion-
resistant metal surface. The metal surface is corrosion-
resistant by having thereon an ultrathin corrosion-resistant
film.

[0044] The term “metal surface” refers to a metallic sur-
face of all, or a portion of, a metal-containing object. The
metal objects can be of any shape. For example, the metal
objects can be in the form of panels, bars, blocks, sheets,
foils, rolls, tubes, cubes, ingots, wires, balls, pellets, beads,
or mesh. The metal objects can also be in the shape of tools,
dies, or electronic components. The metal objects can also
be in the form of particles. For example, the metal objects
can be particles of centimeter, millimeter, or micron dimen-
sion.

[0045] The metal surface can also be partially covered by
a non-metal component. For example, some portion of the
metal surface can be covered by a polymer or a resist. The
metal surface can be, for example, the surface of a printed
circuit board which is partially covered or patterned with a
photoresist. The metal surface having such a polymer or
resist can also include a high degree of fine structural detail.

[0046] The metal surface can be composed of any metal or
combination of metals for which corrosion protection is
desired. Some examples of classes of metals suitable as a
metal surface include the alkaline earth, transition, main
group, lanthanide, and actinide classes of metals.

[0047] Some examples of alkaline earth metals suitable as
a metal surface include beryllium (Be), magnesium (Mg),
calcium (Ca), strontium (Sr), and barium (Ba). Some
examples of suitable main group metals include boron (B),
aluminum (Al), gallium (Ga), indium (In), silicon (Si),
germanium (Ge), tin (Sn), and lead (Pb).

[0048] Some examples of transition metals suitable as a
metal surface include the 3d transition metals (the row of
transition metals starting with scandium (Sc)); the 4d tran-
sition metals (the row of transition metals starting with
yttrium (Y)); and the 5d transition metals (the row of
transition metals starting with hafnium (Hf)).

[0049] Some examples of 3d transition metals suitable as
a metal surface include titanium (Ti), vanadium (V), chro-
mium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel
(N1), copper (Cu), and zinc (Zn). Some examples of suitable
4d transition metals include molybdenum (Mo), ruthenium
(Ru), rhodium (Rh), palladium (Pd), silver (Ag), and cad-
mium (Cd). Some examples of suitable 5d transition metals
include tantalum (Ta), tungsten (W), rhenium (Re), osmium
(Os), iridium (Ir), platinum (Pt), and gold (Au).

[0050] Some examples of lanthanide metals suitable as a
metal surface include lanthanum (La), cerium (Ce), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), and terbium (Tb). Some examples of actinide metals
suitable as a metal surface include thorium (Th), protac-
tinium (Pa), uranium (U), plutonium (Pu), and americium
(Am).
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[0051] In another embodiment, the metal surface is a
metal alloy. Metal alloys include a combination of two or
more metals. Accordingly, the metal alloy can be a binary,
ternary, quaternary, or higher alloy. The metals in such a
metal alloy can be a combination of, for example, one or
more of the metals described above.

[0052] The metal alloys can also be homogeneous or
heterogeneous in form. A homogeneous alloy contains two
or more metals distributed uniformly on a molecular level,
or within the grains of the metal alloy.

[0053] In a heterogeneous alloy, two or more metals are
distributed non-uniformly in the metal alloy. For example, a
heterogeneous alloy can be a composite of two or more
metals. The composite can consist of particles of varying
compositions of the metals on a nanometer, micrometer,
millimeter, centimeter, or higher scale. Alternatively, the
composite can include a structure having macroscopic layers
of different metals bonded to each other.

[0054] Some examples of classes of metal alloys suitable
as a metal surface include aluminum alloys, chromium
alloys, iron alloys, cobalt alloys, nickel alloys, copper
alloys, and zinc alloys. The alloys typically contain small
amounts of other elements which are present either as
impurities or to provide a functional purpose. Such trace
elements can be present in amounts of, for example, 0.01 to
2.0 percent by weight. Some examples of such trace ele-
ments include chromium, iron, manganese, carbon, silicon,
titanium, zinc, phosphorus, and sulfur.

[0055] Some examples of suitable metal alloys which
include at least one metal selected from chromium, iron,
nickel, copper, cobalt, or zinc include: iron-cobalt, iron-
chromium, iron-nickel (e.g., the group of Invar® alloys),
iron-copper, iron-zinc, iron-tungsten, iron-molybdenum,
iron-titanium, iron-manganese, cobalt-nickel, cobalt-copper,
cobalt-zinc, cobalt-chromium, cobalt-chromium-titanium,
cobalt-iron-nickel, cobalt-iron-copper, cobalt-iron-zinc,
cobalt-iron-chromium, nickel-copper, nickel-iron-copper
(e.g., the Monel® alloys, nickel bronze), nickel-tungsten-
copper, nickel-tungsten-iron, nickel-iron-titanium, nickel-
iron-cobalt, nickel-manganese, nickel-copper-manganese,
nickel-cobalt-copper, nickel-zinc, nickel-iron-zinc, nickel-
cobalt-zinc, nickel-cobalt-iron-zinc, nickel-chromium (e.g.,
Nichrome®), nickel-iron-chromium (e.g., the group of
Inconel® alloys), nickel-chromium-titanium, nickel-cobalt-
chromium, nickel-cobalt-iron-chromium, nickel-iron-chro-
mium-molybdenum (e.g., Incoloy 825®), nickel-iron-chro-
mium-molybdenum-cobalt (e.g., Hastelloy C-4®), nickel-
tungsten, nickel-molybdenum, nickel-molybdenum-iron
(e.g., Hastelloy B-2®), copper-zinc (e.g., the brass alloys),
copper-tin (e.g., the bronze alloys), copper-nickel-tin, cop-
per-iron-zine, copper-cobalt-zinc, copper-iron-cobalt, cop-
per-nickel-iron-cobalt, copper-chromium, copper-iron-chro-
mium, copper-chromium-iron-titanium, copper-cobalt-
chromium, copper-tungsten, copper-manganese, Zzinc-
nickel-copper, zinc-nickel-iron-copper, zinc-chromium,
zinc-cobalt-chromium, zinc-cobalt-iron-chromium, zinc-
nickel-chromium, zinc-nickel-iron-chromium, zinc-copper-
chromium, titanium-chromium, vanadium-chromium-tita-
nium, nickel-molybdenum-chromium-iron-tungsten, and
nickel-molybdenum-chromium-iron-copper.

[0056] Some examples of suitable aluminum alloys
include aluminum alloys of copper, magnesium, silicon,
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zine, iron, chromium, manganese, and combinations thereof.
For example, magnalium is an alloy of aluminum and about
5% magnesium. Other aluminum alloys include, for
example, aluminum-nickel, aluminum-copper, aluminum-
iron, aluminum-zinc, aluminum-cobalt, aluminum-chro-
mium, nickel-aluminum-cobalt-iron (e.g., the group Alnico
alloys), aluminum-chromium-titanium, aluminum-iron-cop-
per, and iron-aluminum-chromium.

[0057] The weight percentage of aluminum in the alumi-
num alloys is not particularly limited. Some examples of
suitable weight percentages of aluminum in aluminum
alloys include 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, 95%, 97%, 98%, and 99%.

[0058] Of particular consideration are the industrial
classes of aluminum alloys. Some examples of industrial
classes of aluminum alloys include the 1000, 2000, 3000,
4000, 5000, 6000, and 7000 series of aluminum alloy. Some
specific examples of suitable aluminum alloys include those
listed below:

[0059] Aluminum 2024-O (AA2024-O), Aluminum 2024-
T3 (AA2024-T3), Aluminum 2024-T6 (AA2024-T6), all of
which have a base composition of 90.7-94.7% Al; 3.8-4.9%
Cu, 1.2-1.8% Mg, and Cr, Fe, Mn, Si, Ti, Zn in amounts less
than 1%;

[0060] Aluminum 2025-T6 (AA2025-T6), which has a
composition of 90.9-95.2% Al; 3.9-5% Cu, 0.4-1.2% Mn,
0.5-1.2% Si, and Cr, Fe, Mg, Ti, and Zn in amounts less than
1%;

[0061] Aluminum 2030 (AA2030), which has a composi-
tion of 88.8-95.2% Al; 3.3-4.5% Cu, 0.5-1.3% Mg, 0.8-1.5%
Pb, and Bi, Cr, Fe, Mn, Si, Ti, and Zn in amounts less than
1%;

[0062] Aluminum 2219-T6 (AA2219-T6), which has a
composition of 91.5-93.8% Al, 5.8-6.8% Cu, and Fe, Mg,
Mn, Si, Ti, V, Zn, and Zr in amounts less than 1%;

[0063] Aluminum 2618A (AA2618A), which has a com-
position of 91.4-952% Al, 1.8-2.7% Cu, 0.9-1.4% Fe,
1.2-1.8% Mg, 0.8-1.4% Ni, and Mn, Si, Ti, Zn, Zr, and Ti in
amounts less than 1%;

[0064] Alclad Aluminum 3004-H32, Alclad Aluminum
3004-H34, Alclad Aluminum 3004-H36, and Alclad Alumi-
num 3004-H38, which have a base composition of 95.5-
98.2% Al, 0.8-1.3% Mg, 1-1.5% Mn, and Cu, Fe, Si, and Zn
in amounts less than 1%;

[0065] Aluminum 3013 (AA3013), which has a composi-
tion of 94.7-98.4% Al, 0.9-1.4% Mn, and Cu, Fe, Mg, Si,
and Zn in amounts less than 1%;

[0066] Aluminum 3103 (AA3103), which has a composi-
tion of 96.3% Al, 0.9-1.5% Mn, and Cr, Cu, Fe, Mg, Si, Zn,
Zr, and Ti in amounts less than 1%;

[0067] Aluminum 6061 (AA6061A), which has a compo-
sition of 95.8%-98.6% Al, 0.8-1.2% Mg, and Cr, Cu, Fe,
Mn, Pb, Si, Ti, and Zn in amounts less than 1%; and

[0068] Aluminum 7075 (AA7075), which has a composi-
tion of 87.1-91.4% Al, 1.2-2% Cu, 2.1-2.9% Mg, 5.1-6.1%
Zn, and Cr, Fe, Mn, Si, Ti in amounts less than 1%.

[0069] Ina further embodiment, the metal surface includes
one or more alkaline earth, transition, lanthanide, or actinide
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metals in combination with one or more main group ele-
ments. Some examples of main group elements include
boron (B), aluminum (Al), gallium (Ga), indium (In), carbon
(C), silicon (Si), germanium (Ge), tin (Sn), oxygen (O),
sulfur (S), selenium (Se), tellurium (Te), nitrogen (N),
phosphorus (P), and arsenic (As). For example, the metal
surface can be in the form of a metal boride, metal alu-
minide, metal gallide, metal indide, metal carbide, metal
silicide, metal germanide, metal stannide, metal oxide, metal
sulfide, metal selenide, metal telluride, metal nitride, metal
phosphide, metal arsenide, and combinations thereof.

[0070] In one embodiment, the metal surface is a metal
oxide. Such metal oxide surfaces are often present on the
surfaces of some passivated, and particularly, anodized
metals. Some examples of classes of metal oxides suitable as
metal surfaces include the class of silicon oxides, titanium
oxides, vanadium oxides, chromium oxides, manganese
oxides, iron oxides, cobalt oxides, nickel oxides, copper
oxides, yttrium oxides, zirconium oxides, niobium oxides,
molybdenum oxides, ruthenium oxides, tantalum oxides,
tungsten oxides, rhenium oxides, gallium oxides, indium
oxides, tin oxides, indium tin oxides, germanium oxides,
thallium oxides, lithium oxides, magnesium oxides, calcium
oxides, and aluminum oxides (e.g., the class of micas).

[0071] In another embodiment, the metal surface is a
metal sulfide, a metal selenide, or a metal telluride. Some
examples of classes of metal sulfides suitable as metal
surfaces include the class of cadmium sulfides, gallium
sulfides, iron sulfides, nickel sulfides, copper sulfides, lead
sulfides, and zinc sulfides. Some examples of classes of
metal selenides suitable as metal surfaces include the class
of cadmium selenides, gallium selenides, copper selenides,
and zinc selenides. Some examples of classes of metal
tellurides suitable as metal surfaces include the class of
cadmium tellurides, antimony tellurides, arsenic tellurides,
bismuth tellurides, copper tellurides, europium tellurides,
gallium tellurides, manganese tellurides, lead tellurides, and
zinc tellurides.

[0072] In another embodiment, the metal surface is a
metal nitride, metal phosphide, or metal arsenide. Some
examples of classes of metal nitrides suitable as metal
surfaces include the class of gallium nitrides, indium
nitrides, aluminum nitrides, and boron nitrides. Some
examples of classes of metal phosphides suitable as metal
surfaces include the class of gallium phosphides, indium
phosphides, and zinc phosphides. Some examples of classes
of metal arsenides suitable as metal surfaces include the
class of gallium arsenides, indium arsenides, and zinc ars-
enides.

[0073] In another embodiment, the metal surface is a
metal boride. Some examples of classes of metal borides
suitable as metal surfaces include the class of vanadium
borides, barium borides, calcium borides, chromium
borides, cobalt borides, hafnium borides, lanthanum borides,
magnesium borides, molybdenum borides, nickel borides,
tantalum borides, titanium borides, and zirconium borides.

[0074] In another embodiment, the metal surface is a
metal carbide. Some examples of classes of metal carbides
suitable as metal surfaces include the class of titanium
carbides, vanadium carbides, chromium carbides, manga-
nese carbides, iron carbides, cobalt carbides, nickel carbides,
copper carbides, zinc carbides, niobium carbides, tantalum



US 2006/0269760 Al

carbides, molybdenum carbides, tungsten carbides, silicon
carbides, aluminum carbides, boron carbides, lithium car-
bides, barium carbides, calcium carbides, cerium carbides,
and hafnium carbides.

[0075] Particularly relevant to the present invention are
the steels, which are a subgroup of the class of iron carbides.
Steels are alloys composed minimally of iron and carbon.
Steels having a high carbon content, i.e., high carbon steels,
possess great hardness, and are thus, useful for dies and
cutting tools. Low- and medium-carbon steels are softer, and
are thus, more amenable for sheeting and structural forms.

[0076] The steels typically contain one or more other
elements to give them specific qualities. For example, alu-
minum steels are smooth and have a high tensile strength.
Chromium steels and chromium-vanadium steels possess
hardness, strength, and elasticity. Nickel steels have the
properties of high-carbon steel but with less brittleness.
Nickel-chromium steel possesses high shock resistance, and
is thus, applicable to armor plate. Tungsten (i.e., wolfram)
steels, molybdenum steels, and high-manganese steels are
other specialized alloys. The stainless steels have a high
chromium content and are known for their high tensile
strength and abrasion- and corrosion-resistance. The galva-
nized steels are steels which have been treated to have a zinc
surface. The zinc phosphated steels are steels which have
been treated to have a zinc-phosphate surface.

[0077] Of particular consideration in the present invention
are the industrial steels. Some examples of classes of indus-
trial steels include the AISI 1000, AISI 4000, AISI 5000,
AISI 6000, AISI 8000, AISI 9000, ASTM steel, T300 Series
Stainless Steel, T400 Series Stainless Steel, T600 Series
Stainless Steel, T S10000 Series Stainless Steel, T S20000
Series Stainless Steel, T S30000 Series Stainless Steel, and
T S40000 Series Stainless Steel industrial classes of steels.

[0078] Some examples of industrial steels include the
following, along with their percent weight compositions:

[0079] T302 (Fe 72%, C 0.15% max, Cr 17-19%, Mn 2%
max, N 0.1% max, Ni 8-10%, P 0.045% max, S 0.03% max,
Si 0.75% max)

[0080] T303 (Fe 69%, C 0.15% max, Cr 18%, Mn 2%
max, Mo 0.6% max, Ni 9%, P 0.2% max, S 0.03% max, Si
0.75% max)

[0081] T304 (Fe 71%, C 0.08% max, Cr 18-20%, Mn 2%
max, N 0.1% max, Ni 8-10.5%, P 0.045% max, S 0.03%
max, Si 0.75% max)

[0082] T305 (Fe 69%, C 0.12% max, Cr 17-19%, Mn 2%
max, Ni 10.5-13%, P 0.045% max, S 0.03% max, Si 0.75%
max)

[0083] T308 (Fe 66%, C 0.08% max, Cr 20%, Mn 2%
max, Ni 11%, P 0.045% max, S 0.03% max, Si 1% max)

[0084] T309S (Fe 59%, C 0.08% max, Cr 23%, Mn 2%
max, Nb 0.8% min, Ni 14%, P 0.045% max, S 0.03% max,
Si 1% max)

[0085] T317L (Fe 63%, C 0.03% max, Cr 18-20%, Mn 2%
max, Mo 3-4%, N 0.1% max, Ni 11-15%, P 0.04% max, S
0.03% max, Si 0.75% max)

[0086] Carpenter Custom 455® Stainless Steel (Fe 75%,
C 0.05% max, Cr 11-12.5%, Cu 1.5-2.5%, Mn 0.5% max,
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Mo 0.5% max, Nb 0.5% max, Nb+Ta 0.1-0.5%, Ni 7.5-
9.5%, P 0.04% max, S 0.03% max, Si 0.5% max, Ta 0.5%
max, Ti 0.8-1.4%)

[0087] T420 (Fe 86%, C 0.15-0.4%, Cr 12-14%, Mn 1%
max, Ni 0.5%, P 0.04% max, S 0.03% max, Si 1% max)

[0088] AISI 1018, low carbon steel (Fe 98.81-99.26%, C
0.14-0.2%, Mn 0.6-0.9%, P 0.04% max, S 0.05% max)

[0089] AISI 1019, low carbon steel (Fe 98.71-99.16%, C
0.14-0.2%, Mn 0.7-1%, P 0.04% max, S 0.05% max)

[0090] AISI 1020, low carbon steel (Fe 99.08-99.53%, C
0.17-0.23%, Mn 0.3-0.6%, P 0.04% max, S 0.05% max)

[0091] AISI 1022 low carbon steel (Fe 98.68-99.13%, C
0.17-0.23%, Mn 0.7-1%, P 0.04% max, S 0.05% max)

[0092] AISI 1030 medium carbon steel (Fe 98.67-99.13%,
C 0.27-0.34%, Mn 0.6-0.9%, P 0.04% max, S 0.05% max)

[0093] AISI 1045 medium carbon steel (Fe 98.51-99.98%,
C 0.42-0.5%, Mn 0.6-0.9%, P 0.04% max, S 0.05% max)

[0094] AISI 1050 medium carbon steel (Fe 98.46-98.92%,
C 0.47-0.55%, Mn 0.6-0.9%, P 0.04% max, S 0.05% max)

[0095] AISI 1060 high carbon steel (Fe 98.35-98.85%, C
0.55-0.66%, Mn 0.6-0.9%, P 0.04% max, S 0.05% max)

[0096] AISI 1065 high carbon steel (Fe 98.31-98.8%, C
0.6-0.7%, Mn 0.6-0.9%, P 0.04% max, S 0.05% max)

[0097] AISI 1080 high carbon steel (Fe 98.13-98.65%, C
0.75-0.88%, Mn 0.6-0.9%, P 0.04% max, S 0.05% max)

[0098] AISI 1132 medium carbon steel (Fe 97.84-98.3%,
C 0.27-0.34%, Mn 1.35-1.65%, P 0.04% max, S 0.08-0.13)

[0099] AISI 4024 low carbon steel (Fe 98.12-98.72%, C
0.2-0.25%, Mn 0.7-0.9%, Mo 0.2-0.3%, P 0.035% max, S
0.035-0.05%, Si 0.15-0.35%)

[0100] AISI 4047 medium carbon steel (Fe 97.87-98.51%,
C 0.45-0.5%, Mn 0.7-0.9%, Mo 0.2-0.3%, P 0.035% max, S
0.04% max, Si 0.15-0.35%)

[0101] AISI 5130 medium carbon steel (Fe 98%, C 0.28-
0.33%, Cr 0.95%, Mn 0.8%, P 0.035% max, S 0.04% max,
Si 0.23%)

[0102] AISI 6150 medium carbon steel (Fe 97%, C 0.48-
0.53%, Cr 0.98%, Mn 0.8%, P 0.035% max, S 0.04% max,
Si 0.23%, V 0.15% min)

[0103] In another embodiment, the metal surface is a
metal silicide. Some examples of classes of metal silicides
suitable as metal surfaces include the class of titanium
silicides, vanadium suicides, chromium silicides, manga-
nese silicides, iron suicides, cobalt suicides, nickel silicides,
copper silicides, zirconium suicides, niobium silicides,
molybdenum suicides, hafnium silicides, tantalum suicides,
tungsten suicides, rhenium suicides, lanthanum suicides,
cerium suicides, neodymium suicides, gadolinium suicides,
ytterbium suicides, uranium suicides, boron suicides, beryl-
lium suicides, magnesium suicides, calcium suicides, and
aluminum suicides.

[0104] In another embodiment, the metal surface is a
superconducting metal or metal alloy. For example, the
metal surface can be in the class of copper oxide supercon-
ducting materials. Some examples of copper oxide super-



US 2006/0269760 Al

conducting materials include the yttrium barium copper
oxide (Y—Ba—Cu—O0) class of superconductors. Another
example of a superconducting material is magnesium
boride.

[0105] The corrosion-resistant metal surface described
above has an ultrathin corrosion-resistant film thereon. For
the purposes of this invention, the term “ultrathin” refers to
a thickness of less than approximately ten nanometers, i.e.,
less than approximately one hundred Angstroms (A). More
preferably, the film has a thickness of, or less than, approxi-
mately nine nanometers (9 nm); more preferably a thickness
of, or less than, approximately eight nanometers (8 nm);
more preferably a thickness of, or less than, approximately
seven nanometers (7 nm); more preferably a thickness of, or
less than, approximately six nanometers (6 nm); and even
more preferably a thickness of, or less than, approximately
five nanometers (5 nm).

[0106] The corrosion-resistant film has no particular mini-
mum thickness. For example, the film can have a minimum
thickness of approximately 0.1 nm (1 A), 0.2 nm (2 A), 0.3
nm (3 A), 0.4 nm (4 A), 0.5 (5 A), 0.6 nm (6 A), 0.7 nm (7
A), 0.8 nm (8 A), 0.9 nm (9 A), 1.0 nm (10 A), 1.5 nm (15
A),2.0nm (20 A), 2.5 nm (25 A),3.0nm (30 A), 3.5 nm (35
A), 4.0 nm (40 A), or 4.5 nm (45 A).

[0107] Preferably, the film has a thickness in the range of
approximately 1-9 nm. More preferably, the film has a
thickness in the range of approximately 2-8 nm; more
preferably in the range of approximately 2-6 nm; more
preferably in the range of approximately 3-6 nm or 2-5 nm;
and even more preferably in the range of approximately 3-5
nm.

[0108] The corrosion-resistant film includes an amido-
functionalized silanol component which is at least partially
crosslinked. The at least partially crosslinked amido-func-
tionalized silanol component is herein also referred to as the
amido-functionalized polysiloxane component.

[0109] The at least partially crosslinked amido-function-
alized silanol component is composed, minimally, of one or
more silanol compounds, at least a portion of which contain
N-acylated amino groups, and which are at least partially
crosslinked via Si—O—Si bonds. As used herein, the term
“silanol compound” is any compound having one or more
Si—(OH), functionalities wherein tis 1, 2, or 3. Such silanol
compounds include, for example, the monohydroxysilanes,
dihydroxysilanes (silanediols), and trihydroxysilanes (silan-
etriols).

[0110] Depending on the conditions used, the crosslinking
can be complete or partial. When every, or essentially every,
crosslinkable silanol group is crosslinked, the silanol com-
pounds can be said to be completely crosslinked. Complete
crosslinking can also be referred to as, for example, 100%
crosslinked or approximately 100% crosslinked. When a
portion of the crosslinkable silanol groups in the silanol
compounds are not engaged in crosslinking, the silanol
compounds can be said to be partially crosslinked. Partial
crosslinking can include, for example, 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90%, 95%, 97%, 98%, and
99% crosslinking.

[0111] At least a portion of the one or more silanol
compounds from which the amido-functionalized polysilox-
ane component is derived contain one or more amino groups
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(i.e., —NH, or —NH—), at least a portion of which are
acylated, i.e., N-acylated with one or more acyl
(—C(=0)—) groups. For example, the amido-functional-
ized polysiloxane component can include an at least partially
crosslinked version of a single amino-functionalized silanol
compound having one or more amino groups wherein one or
more of the amino groups are bound to one or more acyl
groups.

[0112] Alternatively, for example, the amido-functional-
ized polysiloxane component can include crosslinked ver-
sions of two or more amino-functionalized silanol com-
pounds wherein the amino groups of one silanol compound
is acylated while the amino groups of another one or more
silanol compounds are not acylated. Still further, the amido-
functionalized polysiloxane component can include
crosslinked versions of one or more silanol compounds not
bearing amino or amido groups in combination with one or
more silanol compounds bearing amino groups, at least a
portion of which are acylated. For primary amino groups
(—NH,), it is also possible for both hydrogens on the
nitrogen to be substituted with acyl groups, thereby forming
a urea linkage.

[0113] Preferably, the acyl group in the N-acylated amino
groups are independently represented by the formula

R*—C(0)— ®
[0114] In formula (5), R* independently represents H; or
any of the saturated or unsaturated, straight-chained or
branched, cyclic, polycyclic, fused, or acyclic, substituted or
unsubstituted hydrocarbon groups described above. Prefer-
ably, R* is any of the hydrocarbon groups described above
and having 1 to 50 carbon atoms. More preferably, R* is any
of the hydrocarbon groups described above and having 1 to
40 carbon atoms, more preferably 1 to 30 carbon atoms,
more preferably 1 to 20 carbon atoms, more preferably 1 to
12 carbon atoms, more preferably 1 to 10 carbon atoms,
more preferably 1 to 6 carbon atoms, more preferably 1 to
5 carbon atoms, and even more preferably 1 to 3 carbon
atoms. In a particularly preferred embodiment, R* represents
a methyl group.

[0115] Some examples of suitable acyl groups according
to formula (5) include formyl, acetyl, propionyl, butanoyl,
pentanoyl, hexanoyl, heptanoyl, octanoyl, nonanoyl,
decanoyl, undecanoyl, dodecanoyl, tridecanoyl, tetrade-
canoyl, icosanoyl, acryloyl, but-2-enoyl, but-3-enoyl, cyclo-
hexanecarbonyl, cyclopentanecarbonyl, benzoyl, 4-methyl-
benzoyl, 4-isopropylbenzoyl, 4-t-butylbenzoyl, 3,5-
dimethylbenzoyl, 3,5-diisopropylbenzoyl, 3,5-di-t-
butylbenzoyl, phenylacetyl, biphenyl-4-carbonyl,
naphthalene-2-carbonyl, and the like.

[0116] In a preferred embodiment, the one or more silanol
compounds from which the at least partially crosslinked
amido-functionalized polysiloxane component is derived,
are represented by the formula:

R',R2,R? Si(OH) g &Y

[0117] In formula (1), R, R?, and R® each independently
represent H or a hydrocarbon group, provided that at least
one of the silanol compounds in formula (1) have at least one
of R, R?, and R represent a hydrocarbon group. In addition,
at least one of the hydrocarbon groups has one or more
hydrogen atoms substituted by one or more primary amino
groups, one or more of which are N-acylated with one or
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more acyl groups. Alternatively, or in addition, at least one
of the hydrocarbon groups has one or more secondary
carbon atoms substituted by one or more secondary amino
groups, one or more of which are N-acylated with one or
more acyl groups. The subscripts m, n, and r independently
represent O or 1, provided that m, n, and r are not all 0.

[0118] The maximum size of the hydrocarbon groups in
R!, R?, and R? is not particularly limited. For example, the
hydrocarbon groups can contain hundreds of carbon atoms.
Or, for example, the hydrocarbon groups can contain up to
two hundred, one hundred, fifty, forty, thirty, twenty-five,
twenty, fifteen, ten, nine, eight, seven, six, or five carbon
atoms.

[0119] There is no particular minimum size of the hydro-
carbon groups in R', R?, and R>. For example, the hydro-
carbon groups can contain a minimum of one, two, three, or
four carbon atoms.

[0120] The size of the hydrocarbon groups in R, R?, and
R? are preferably within a size range of one to two hundred
carbons atoms; more preferably within a size range of one to
one hundred carbon atoms; more preferably in a size range
of one to fifty carbon atoms; more preferably within a size
range of one to twenty-five carbon atoms; more preferably
within a size range of one to ten carbon atoms; more
preferably within a size range of two to eight carbon atoms;
and even more preferably within a size range of three to five
carbon atoms.

[0121] In one embodiment, the hydrocarbon groups in R,
R?, and/or R? are completely acyclic in nature. The acyclic
hydrocarbon groups can be saturated and straight-chained,
i.e., straight-chained alkyl groups. Some examples of
straight-chained alkyl groups include methyl, ethyl, propyl,
n-butyl, pentyl, hexyl, octyl, nonyl, decyl, dodecyl, hexa-
decyl, eicosyl, docosyl, hexacosyl, triacontyl, tetracontyl,
pentacontyl, and the like.

[0122] The acyclic hydrocarbon groups can also be satu-
rated and branched, i.e., branched alkyl groups. Some
examples of branched alkyl groups include iso-butyl, sec-
butyl, t-butyl, iso-pentyl, neo-pentyl, di-(t-butyl)methyl,
3-ethyl-2,3-dimethylhexyl, and 4-(1,1-dimethylethyl)hepta-
nyl.

[0123] The acyclic hydrocarbon groups can alternatively
be unsaturated. Unsaturated hydrocarbon groups include, for
example, alkenyl groups, alkynyl groups, and combinations
thereof, i.e., enyne groups.

[0124] The unsaturated acyclic hydrocarbon groups can be
straight-chained. Some examples of straight-chained alkenyl
groups include vinyl, allyl, propenyl, 1-butenyl, 2-butenyl,
1-hexenyl, 1,3-hexadienyl, 1,3,5-hexatrienyl, octenyl, dece-
nyl, hexadecenyl, and eicosenyl. Some examples of straight-
chained alkynes include acetylenyl, 1-butynyl, 1-hexynyl,
1-octynyl, and 2,5-hexadiynyl. Some examples of straight-
chained enyne groups include hex-1-en-3-ynyl and hexa-1,
5-dien-3-ynyl.

[0125] The unsaturated acyclic hydrocarbon groups can
alternatively be branched. Some examples of branched alk-
enyl groups include 2-methylene-3-butenyl, 2,3-dimethyl-
but-2-enyl, and 2,3-dimethyl-icos-1-enyl. Some examples of
branched alkynyl groups include 2,5-dimethyl-hex-3-ynyl
and 2,3-dimethyl-icos-1-ynyl.
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[0126] In another embodiment, the hydrocarbon groups
include one or more cyclic hydrocarbon moieties. Such
hydrocarbon groups are cyclic hydrocarbon groups. The
cyclic hydrocarbon moiety can be, for example, a four, five,
six, seven, or eight member ring. The ring can be saturated
or unsaturated. An unsaturated ring contains at least one
double bond. For example, a five member ring can have one
or two double bonds, and a seven member ring can have one
to three double bonds.

[0127] In one embodiment, the ring is a carbocyclic ring.
The carbocyclic ring can be saturated. Some examples of
suitable saturated carbocyclic rings include cyclobutyl,
cyclopentyl, cyclohexyl, cycloheptyl, and cyclooctanyl
rings.

[0128] Alternatively, the carbocyclic ring can be unsatur-
ated. The unsaturated carbocyclic rings can be either aro-
matic, i.e., “aryl” or “arenyl,” or non-aromatic. Examples of
unsaturated carbocyclic rings include cyclopentenyl, cyclo-
hexenyl, cycloheptenyl, cyclopentadienyl, 1,3-cyclohexadi-
enyl, 1,4-cyclohexadienyl, 1,3-cycloheptadienyl, cyclohep-
tatrienyl, cyclooctadienyl, and phenyl rings.

[0129] The carbocyclic rings can also be polycyclic. Some
examples of polycyclic carbocyclic ring systems include the
bicyclo[2.2.2]octane and bicyclo[3.3.3 Jundecane polycyclic
ring systems.

[0130] Any of the carbocyclic rings described above can
also be fused to one or more, typically one or two, other
carbocyclic rings to make a carbocyclic fused ring system.
Some examples of completely saturated carbocyclic fused
ring systems include decahydronaphthalenyl, tetradecahy-
droanthracenyl, tetradecahydrophenanthrenyl and hexa-
decahydropyrenyl fused ring systems. Some examples of
unsaturated carbocyclic fused ring systems which are non-
aromatic include bicyclo[4.3.0]non-3-enyl, bicyclo[4.4.0]
dec-8-enyl, and bicyclo[4.4.0]dec-7,9-dienyl. Some
examples of aromatic carbocyclic fused ring systems include
naphthalenyl, phenanthrenyl, anthracenyl, triphenylenyl,
azulenyl, chrysenyl, pyrenyl, and biphenylenyl.

[0131] The hydrocarbon groups described above for R*,
R?, and/or R? of the silanol compounds of formula (1),
whether substituted or not substituted with the N-acylated
amino groups described above, can have other heteroatom
linkers, heteroatom groups, or combinations thereof. For
example, any of the hydrocarbon groups described above
can optionally have one or more carbon atoms substituted by
one or more heteroatom linkers or heteroatom groups.
Alternatively, or in addition, any of the hydrocarbon groups
can have one or more hydrogen atoms substituted by one or
more heteroatom groups. When the hydrocarbon group is
substituted by more than one heteroatom linker and/or
group, the heteroatom linkers and/or groups can be the same
or different.

[0132] Some examples of suitable additional heteroatom

linkers include —O—, —S—, —S(0)—, —S(0),—,
—C(0)—, —C(O)NH—, —C(0)O—, —NR*—, =N—,
—NR°C(0)0O—, —NR°C(O)NR°*—, =N—NR°—, and

—C(0)—0—C(0O)—. Some ecxamples of heteroatom
groups include halo, —OR®, —SR®, —N(R®),, —N(R®);",
—NO,, —C(O)N(R®),, —C(O)R®, —C(0)O~, —C(O)ORS,
—NR°C(O)OR®, —NR°C(O)N(R®),, —OCN, —NCO,
—SCN, —NCS, —P(R®),, —CN, —NC, —S(0),0H,
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—S(0),07, —P0O,*", and —C(O)—O—C(O)R°. Some
examples of halo groups include F, Cl, and Br.

[0133] In the heteroatom groups above, R® independently
represents H, or any of the hydrocarbon groups described
above. Preferably, R® represents any of the saturated or
unsaturated, straight-chained or branched, cyclic or acyclic
hydrocarbon group described above and having 1 to 6
carbon atoms.

[0134] Some examples of saturated acyclic groups suit-
able for R¢ include methyl, ethyl, n-propyl, isopropyl, n-bu-
tyl, sec-butyl, i-butyl, t-butyl, n-pentyl, n-hexyl, 4-methyl-
2-pentyl, and so on. Some examples of unsaturated acyclic
groups suitable for R® include vinyl, propenyl, isopropenyl,
butenyl, propargyl, and so on.

[0135] Some examples of saturated cyclic groups suitable
for R° include cyclopropyl, cyclobutyl, cyclopentyl, and
cyclohexyl. Some examples of unsaturated cyclic groups
suitable for R® include cyclobutenyl, cyclopentenyl, cyclo-
hexenyl, and phenyl.

[0136] Of particular importance is the class of silano
linkers and silano groups. Silano linkers are molecules
which include one or more linking silicon atoms. The
linking silicon atom can be attached to other atoms, such as
oxygen (—O—), which also participate in the link. Some
examples of silano linkers include —Si(R%),—, —Si(R%)=,
—Si=, —SiCl,—, —SiCl=, —Si(0—),;, —Si(0—),—,
and —Si(O—)=. Silano groups, i.e., non-linking silano
groups, are groups which include one or more silicon atoms
and are not involved in a link. Some examples of such silano
groups include —Si(R%);, —SiCl;, —Si(OR);, —SiR-
¢(OR®),, —Si(R%),(OR®), —SiCI(OR®),, and
—Si(C1),(OR").

[0137] Asused above in the examples of silano linkers and
silano groups, the symbol = represents two separate single
bonds wherein each single bond is between a silicon atom
and a carbon atom or between a silicon atom and a suitable
heteroatom. Similarly, the symbol = represents three sepa-
rate single bonds wherein each single bond is between a
silicon atom and a carbon atom or between a silicon atom
and a suitable heteroatom.

[0138] In one embodiment, an acyclic hydrocarbon group
of R', R?, and/or R? in formula (1) is heteroatom-substituted
with one or more —O— groups to form an alkyleneoxide or
polyalkyleneoxide group. Some examples of polyalkyle-
neoxide groups include polymethyleneoxide, poly(methyl-
eneoxide-ethyleneoxide), polyethyleneoxide, polypropyle-
nenoxide, and poly(ethyleneoxide-propyleneoxide). Such
polyalkyleneoxide groups can contain as low as two, three,
or four alkyleneoxide units, or as high as hundreds or
thousands of alkyleneoxide units.

[0139] When one or more ring carbon atoms of the car-
bocyclic rings described above for of RY, R?, and/or R? are
substituted by one or more heteroatom linkers, a heterocy-
clic ring is formed.

[0140] Such a heterocyclic ring can be saturated.
Examples of saturated heterocyclic rings containing one or
more nitrogen heteroatoms include pyrrolidine, piperidine,
imidazolidine, N,N'-dimethylimidazolidine, pyrazolidine,
piperazine, homopiperazine, and hexahydro-1,3,5-triazine
rings. Examples of saturated heterocyclic rings containing
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one or more oxygen heteroatoms include tetrahydrofuran,
tetrahydropyran, and 1,4-dioxane rings. Examples of satu-
rated heterocyclic rings containing one or more sulfur het-
eroatoms include tetrahydrothiophene and 1,4-dithiane
rings. Examples of saturated heterocyclic rings containing a
combination of heteroatoms include 1,3-oxazolidine, 1,3-
thiazolidine, 1,3-oxathiolyl, and morpholine rings.

[0141] Alternatively, such a heterocyclic ring can be
unsaturated. The unsaturated heterocyclic rings can be either
aromatic, i.e., “heteroaryl” or “heteroarenyl,” or non-aro-
matic. Examples of unsaturated heterocyclic rings contain-
ing one or more nitrogen heteroatoms include pyrrole,
pyridine, pyrazole, pyrazine, pyrimidine, imidazole, and
triazine rings. Examples of unsaturated heterocyclic rings
containing one or more oxygen heteroatoms include furan,
pyran, and 1,3-dioxole rings. Examples of unsaturated het-
erocyclic rings containing one or more sulfur heteroatoms
include thiophenyl, thiopyran, 1,3-dithiole, and 1,3-dithiine
rings. Examples of unsaturated heterocyclic rings containing
a combination of heteroatoms include oxazole, thiazole, and
oxathiole rings.

[0142] Any of the polycyclic carbocyclic rings described
above can also be substituted to form polycyclic rings which
are heteroatom-substituted. Some examples of such heteroa-
tom-substituted polycyclic rings include 1,4-diazabicyclo
[2.2.2]octane and 1,5-diaza-bicyclo[3.3.3 Jundecane polycy-
clic rings.

[0143] In addition, any of the heterocyclic rings or poly-
cyclic heterocyclic rings described above can be fused to
one or more, typically one or two, other rings to make a
heterocyclic fused ring system.

[0144] In one embodiment, the heterocyclic fused ring
system is composed of a mixture of carbocyclic and hetero-
cyclic rings. Some examples of such fused ring systems
include indoline, quinoline, isoquinoline, phthalazine, ben-
zimidazole, benzothiazole, benzisoxazole, benzodioxole,
quinoxaline, quinazoline, benzoxazine, cinnoline, acridine,
and phenazine fused rings.

[0145] In another embodiment, the heterocyclic fused ring
system is composed of only heterocyclic rings. Examples of
such fused ring systems include pteridine, purine, 1,8-
naphthyridine, 1,8,9-triazaanthracenyl, 1,5-diazabicyclo
[4.3.0]non-5-ene and thieno[3,2-b]furan fused rings.

[0146] When two of R', R? and R? in formula (1) are
present, i.e., when two of n, m, and p are 1, and two of R',
R? and R? are hydrocarbon groups, the two hydrocarbon
groups are optionally connected to form a silicon-containing
ring. The new bond formed between atoms of the two
hydrocarbon groups accompanies removal of a hydrogen
atom from each carbon atom or heteroatom involved in
forming the new bond.

[0147] The size of the silicon-containing ring resulting
from interconnection of two of R*, R?, and R? in formula (1)
is not particularly limited. However, preferably, the ring
includes two to six ring carbon atoms. For example, in one
embodiment, R* is a methyl group and R? is a methylamine
group. The groups can be connected via carbon atoms to
form a 2-aminosilacyclopropane ring. Alternatively, the
groups can be connected via a carbon atom and a nitrogen
atom to form a 3-azasilacyclobutane ring. In another
embodiment, R* is an ethylamine group and R? is an iso-
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propyl group. Depending on the atoms chosen for intercon-
nection, the ethylamine and isopropyl groups can be con-
nected to form, for example, a l-amino-4-
methylsilacyclobutane ring or a 1-methyl-3-
azasilacyclopentane ring.

[0148] When all of R', R?, and R? are present, i.e., when
all of n, m, and p in formula (1) are 1; and all of R*, R?, and
R? are hydrocarbon groups, the three hydrocarbon groups
are optionally connected to form a silicon-containing poly-
cyclic ring system. For example, in formula (1), R! can be
1-aminoethyl, R? can be ethyl, and R 3-(silanetriol )propyl.
R!, R?, and R? can be interconnected to form, for example,
the polycyclic silanol compound 2-amino-1-sila-4-silan-
etriol-bicyclo[2.2.2]octan-1-0l.

[0149] For the purposes of the present invention, the
silanol compounds according to formula (1) must allow for
intermolecular crosslinking in order to produce at least
partially crosslinked polysiloxane structures having silicon-
oxide-silicon (Si—O—Si) bonds. Silanediol and silanetriol
groups, for example, allow for such crosslinking due to the
presence of more than one hydroxy group on each silicon
atom. The silanediol and silanetriol compounds result when,
for example, one or two of R*, R?, and R? in formula (1) are
not present, i.e., when one or two of n, m, and r in formula
(1) are 0.

[0150] However, the invention does not require that more
than one hydroxy group be present on a silicon atom in the
silanol compounds shown in formula (1). For example, m, n,
and r in formula (1) can each be 1, thus providing only one
hydroxy group on the silicon atom shown in formula (1). In
such a case, the silanol compound is preferably substituted
with one or more additional silanol groups. The presence of
additional silanol groups allows for intermolecular
crosslinking in the case where the silicon atom in formula
(1) possesses only one hydroxy group.

[0151] Some examples of suitable additional silano groups
are monohydroxy silicon atom groups, i.e., =Si(OH), dihy-
droxy silicon atom groups, i.e., =Si(OH),, and trihydroxy
silicon atom groups, i.e., —Si(OH);. For example, formula
(1) can represent a molecule having two or more monohy-
droxy silicon atom groups. Alternatively, for example, for-
mula (1) can represent a molecule having one or more
monohydroxy silicon atom groups and one or more dihy-
droxy or trihydroxy silicon atom groups.

[0152] In a further embodiment to formula (1), one or
more silanol compounds from which the at least partially
crosslinked amido-functionalized silanol component is
derived are one or more silanetriol compounds. The one or
more silanetriol compounds are preferably independently
represented by the formula:

RISi(OH)4 )

[0153] Informula (2), R' independently represents any of
the saturated or unsaturated, straight-chained or branched,
cyclic, polycyclic, fused, or acyclic, substituted or unsub-
stituted hydrocarbon groups as described above for formula

().

[0154] At least one of the silanetriol compounds according
to formula (2) is substituted with one or more amino groups,
one or more of which are N-acylated with one or more acyl
groups. For example, when formula (2) represents a single
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silanetriol compound, the hydrocarbon group of R! has one
or more hydrogen atoms substituted by one or more primary
amino groups, one or more of which are N-acylated with one
or more acyl groups; or alternatively, or in addition, one or
more secondary carbon atoms substituted by one or more
secondary amino groups, one or more of which are N-acy-
lated with one or more acyl groups.

[0155] Alternatively, when formula (2) represents two or
more silanetriol compounds, then the hydrocarbon group of
R! for at least one of the silanetriol compounds has one or
more hydrogen atoms substituted by one or more primary
amino groups, one or more of which are N-acylated; or
alternatively, or in addition, one or more secondary carbon
atoms substituted by one or more secondary amino groups,
one or more of which are N-acylated. Other combinations
within the scope of the invention include, for example, two
or more silanetriol compounds which differ structurally, but
which are all substituted in some proportion by the one or
more N-acylated amino groups described above.

[0156] Inamore preferred embodiment of formula (2), R*
represents the formula

R*—C(0)—NH—(CH,),— (6)

[0157] In formula (6), R* is as described for formula (5)
above. Subscript p preferably represents an integer from 1 to
50, more preferably an integer from 1 to 40, more preferably
an integer from 1 to 30, more preferably an integer from 1
to 20, more preferably an integer from 1 to 10, more
preferably an integer from 1 to 5, and even more preferably
an integer from 2 to 5.

[0158] Provided below for the purpose of illustration are
some examples of silanol compounds according to formulas
(1) and (2). Though the examples given below are of
amino-containing silanol compounds, the examples are
meant to include the N-acylated and crosslinked versions
thereof, i.e., within the context of the at least partially
crosslinked amido-functionalized silanol component dis-
cussed above. The examples of amino-containing silanol
compounds are also suitable without modification as
examples of precursors to the at least partially crosslinked
amido-functionalized silanol component.

[0159] Some examples of suitable silanediol compounds
according to formula (1) and having one primary amino
group include (aminomethyl)-methylsilanediol, (aminom-
ethyl)ethylsilanediol, (aminomethyl)-propylsilanediol,
(aminomethyl)isopropylsilanediol, (aminomethyl)vinylsi-
lanediol, (aminomethyl)allylsilanediol, (aminomethyl)prop-
argylsilanediol, (aminomethyl)hexylsilanediol, (2-aminoet-
hyl)-ethylsilanediol, (2-aminoethyl)(2-
hydroxyethyl)silanediol, (1-aminoethyl)ethylsilanediol,
(1-aminoethyl)propylsilanediol, (2-aminoethyl)vinylsi-
lanediol, (2-aminoethyl)allylsilanediol, (3-aminopropyl-
)propylsilanediol, (3-aminopropyl)phenylsilanediol, (1-hy-
droxy-3-aminopropyl)benzylsilanediol,

(3-aminopropyl)cyclohexylsilanediol, (3-aminopropyl)cy-

clopropylsilanediol,  (1-aminoprop-2-yl)methylsilanediol,
(2-aminoprop-2-yl)isopropylsilanediol,  (2-aminopropyl-
Jisobutylsilanediol, (2-aminopropyl),-butylsilanediol,

(1-aminopropyl)methylsilanediol, (3-amino-2-methylpropy-
Dmethylsilanediol, (2-amino-1,1-dimethylethyl)ethylsi-
lanediol, [2-(2-aminoethoxy)ethyl]methylsilanediol, {2-[2-
(2-aminoethoxy)ethoxyJethyl }methylsilanediol,
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(4-aminobutyl)butylsilanediol, (4-amino-2-buten-1-yl)eth-
ylsilanediol, (5-aminopentyl)ethylsilanediol, (4-aminopen-
tyl)propylsilanediol, (6-aminohexyl)methylsilanediol,
(6-amino-3-hexen-1-yl)ethylsilanediol, (1-aminohexyl)-eth-
ylsilanediol, (3-aminohexyl)ethylsilanediol, (7-aminohep-
tyl)methylsilanediol, (8-aminooctyl)-methylsilanediol,
(8-aminooctyl)propylsilanediol, (7-aminooctyl)butylsi-
lanediol, (9-aminononyl)methylsilanediol, (1-aminononyl-
)ethylsilanediol, (10-aminodecyl)ethylsilanediol, (4-amino-
decyDhexylsilanediol, (11-aminoundecyl)-propylsilanediol,
(12-aminododecyl)-methylsilanediol,  (11-aminododecyl-
)propylsilanediol,  (16-aminohexadecyl)methylsilanediol,
(1-aminohexadecyl)propylsilanediol, (12-aminohexadecyl-
)decylsilanediol, (18-aminooctadecyl)butylsilanediol, (20-
aminoeicosyl)ethylsilanediol, (22-aminodocosyl)propylsi-
lanediol, (30-aminotricosyl)butylsilanediol,
(3-aminocyclopentyl)methylsilanediol, (2-amino-3-methyl-
cyclopentyl)ethylsilanediol,  (4-aminocyclohexyl)ethylsi-
lanediol, (4-aminocyclohex-2-enyl)methylsilanediol,
(o-aminophenyl)methylsilanediol, (p-aminophenyl)methyl-
silanediol, [3-(m-aminophenoxy)propylJethylsilanediol,
(4-aminobenzyl)propylsilanediol, (4'-aminobiphenyl-4-yl-
)methylsilanediol, 3-amino-1-silacyclobutane-1,1-diol,
2-amino-1-silacyclopentane-1,1-diol, 4-amino-1-silacyclo-
hexane-1,1-diol, and (bicyclo[2.2.1hept-7-amino-2-yl)m-
ethylsilanediol.

[0160] Some examples of suitable silanediol compounds
according to formula (1) and having more than one primary
amino group include bis-(aminomethyl)silanediol, (ami-
nomethyl)(2-aminoethyl)silanediol, (aminomethyl)(3-ami-
nopropyl)silanediol, (aminomethyl)(6-aminohexyl)si-
lanediol, bis-(2-aminoethyl)silanediol, (2-aminoethyl)(2-
amino-1-hydroxyethyl)silanediol, (1-aminoethyl)(2-
aminoethyl)silanediol, (1-aminoethyl)(2-
aminopropyl)silanediol, bis-(3-aminopropyl)silanediol,
(1,3-diaminopropyl)ethylsilanediol,  bis-(1,3-diaminopro-
pyDsilanediol, (1,3-diaminopropyl)(2-aminoethyl)si-
lanediol, (3-aminopropyl)(o-aminophenyl)silanediol, (1-hy-
droxy-3-aminopropyl)(4-aminobenzyl)silanediol,
(3-aminopropyl)(2-aminocyclohexyl)silanediol, (3-amino-
propyl)(2-aminocyclopropyl)silanediol,  (1-aminoprop-2-
yl)(aminomethyl)silanediol, bis-(2-aminoprop-2-yl)si-
lanediol, bis-(1-aminopropyl)silanediol, bis-(3-amino-2-
methylpropyl)silanediol, bis-(2-amino-1,1-
dimethylethyl)silanediol, bis{2-(2-aminoethoxy)ethyl]
silanediol, bis-{2-[2-(2-aminoethoxy )ethoxy]
ethyl}silanediol, bis-(4-aminobutyl)silanediol, (4-amino-2-
buten-1-yl)(2-aminoethyl)silanediol, bis-(5-
aminopentyl)silanediol, (4-aminopentyl)(3-
aminopropyl)silanediol,
(6-aminohexyl)(aminomethyl)silanediol, (6-amino-3-
hexen-1-yl)(2-aminoethyl)silanediol, bis-(1-aminohexyl)si-
lanediol, bis-(3-aminohexyl)silanediol, bis-(7-aminoheptyl-
)silanediol, bis-(8-aminooctyl)silanediol, (8-aminooctyl)(2-
aminopropyl)silanediol, bis-(9-aminononyl)silanediol, bis-
(1-aminononyl)silanediol,  bis-(10-aminodecyl)silanediol,
bis-(4-aminodecyl)silanediol, bis-(11-aminoundecyl)si-
lanediol, bis-(12-aminododecyl)silanediol, (11-aminodode-
cyl)(3-aminopropyl)silanediol, bis-(16-aminohexadecyl)si-
lanediol, bis-(1-aminohexadecyl)silanediol, (12-
aminohexadecyl)(6-aminodecyl)silanediol, bis-(18-
aminooctadecyl)silanediol, bis-(20-aminoeicosyl)silanediol,
bis-(22-aminodocosyl)silanediol, (30-aminotricosyl)(4-ami-
nobutyl)silanediol, (3,4-diaminocyclopentyl)ethylsi-
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lanediol, (3,4-diamino-3-methylcyclopentyl )propylsi-
lanediol, (3,5-diaminocyclohexyl),-butylsilanediol, (3,5-
diaminocyclohexyl)(1,3,5-triaminopentyl)silanediol,
(4-aminocyclohex-2-enyl)(aminomethyl)silanediol, bis-(o-
aminophenyl)silanediol, bis-(p-aminophenyl)silanediol, bis-
{[3-(m-aminophenoxy )propyl]ethyl} silanediol, bis-[(4-ami-
nobenzyl)propyl]silanediol, bis- (4'-aminobiphenyl-4-
yDmethyl]silanediol,  2,4-diamino-1-silacyclobutane-1,1-
diol, 2,5-diamino-1-silacyclopentane-1,1-diol, 3,4,5-
triamino-1-silacyclohexane-1,1-diol, bicyclo[2.2.1]hept-5,
6-diamino-2-y)methylsilanediol, and (ureidopropyl)(2-
aminoethyl)silanediol.

[0161] Some examples of suitable silanediol compounds
according to formula (1) and having one or more secondary
amino groups include (N-methyl-aminomethyl)methylsi-
lanediol, (N-methyl-aminomethyl)propylsilanediol, (N-me-
thyl-aminomethyl)vinylsilanediol, (N-methyl-aminomethy-

Dallylsilanediol, (N-methyl-
aminomethyl)propargylsilanediol, (N-ethyl-
aminomethyl)methylsilanediol, (N-propyl-
aminomethyl)propylsilanediol, (N-butyl-
aminomethyl)ethylsilanediol, (N-isopropyl-
aminomethyl)ethylsilanediol, (N-butyl-
aminomethyl)methylsilanediol, (N-isobutyl-
aminomethyl)butylsilanediol, (N-pentyl-
aminomethyl)ethylsilanediol, (N-hexyl-
aminomethyl)ethylsilanediol, (N-cyclohexyl-
aminomethyl)ethylsilanediol, (N-phenyl-
aminomethyl)ethylsilanediol, (N-octyl-
aminomethyl)ethylsilanediol, (N-decyl-
aminomethyl)ethylsilanediol, (N-dodecyl-
aminomethyl)methylsilanediol, (N-allyl-
aminomethyl)propylsilanediol, [N-(3-butenyl)-
aminomethylJpropylsilanediol, (N-methyl-2-
aminoethyl)ethylsilanediol, (N-ethyl-2-
aminoethyl)methylsilanediol, (N-propyl-2-
aminoethyl)propylsilanediol, (N-butyl-2-
aminoethyl)ethylsilanediol, (N-isopropyl-2-
aminoethyl)ethylsilanediol, (N-butyl-2-
aminoethyl)methylsilanediol, (N-isobutyl-2-
aminoethyl)butylsilanediol, (N-pentyl-2-
aminoethyl)ethylsilanediol, (N-hexyl-2-
aminoethyl)ethylsilanediol, (N-octyl-2-
aminoethyl)ethylsilanediol, (N-decyl-2-

aminoethyl)ethylsilanediol,
aminoethyl)methylsilanediol,
hydroxyethyl)silanediol,

(N-dodecyl-2-

(N-methyl-2-aminoethyl)(2-
(1-aminoethyl)(N-methyl-2-

aminoethyl)silanediol, (N-methyl-2-
aminoethyl)vinylsilanediol, (N-methyl-2-
aminoethyl)allylsilanediol, (N-methyl-2-
aminoethyl)cyclohexylsilanediol, (N-methyl-2-
aminoethyl)phenylsilanediol, (N-methyl-3-
aminopropyl)propylsilanediol, (N-isopropyl-3-
aminopropyl)propylsilanediol, (N-ethyl-3-
aminopropyl)phenylsilanediol, (N-isobutyl-3-
aminopropyl)benzylsilanediol, (N-butyl-3-
aminopropyl)cyclohexylsilanediol, (N-methyl-3-
aminopropyl)cyclopropylsilanediol, (N-methyl-4-
aminobutyl)methylsilanediol, (N-octyl-4-
aminobutyl)methylsilanediol, (N-allyl-4-

aminobutyl)ethylsilanediol,
methylsilanediol,
aminooctyl)methylsilanediol,
aminononyl)methylsilanediol,

(N-methyl-8-aminooctyl)-
(N-cyclopropyl-8-

(N-ethyl-9-
(N-ethyl-10-
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aminodecyl)ethylsilanediol,
)methylsilanediol,
aminododecyl)methylsilanediol,
aminohexadecyl)decylsilanediol,
yDmethylsilanediol, (2-methyl-pyrrolidin-3-
yDmethylsilanediol, (piperidin-4-yl)methylsilanediol,
(morpholin-2-yl)ethylsilanediol, (piperazin-1-yl)benzylsi-
lanediol, (piperazin-2-yl)phenylsilanediol, (N-cyclohexy-
laminopropyl)methylsilanediol, 3-aza-1-silacyclobutane-1,
1-diol, 2-aza-1-silacyclopentane-1,1-diol, and 4-aza-1-
silacyclohexane-1,1-diol.

(N-methyl-12-aminododecyl-
(N-allyl-12-
(N-ethyl-12-
(pyrrolidin-3-

[0162] Some examples of suitable silanetriol compounds
according to formula (2) and having one primary amino
group include aminomethylsilanetriol, 2-aminoethylsilan-
etriol, 1-aminoethylsilanetriol, 3-aminopropylsilanetriol,
2-aminopropylsilanetriol, 1-aminopropylsilanetriol, 1-hy-
droxy-3-aminopropylsilanetriol, 1-aminoprop-2-ylsilan-
etriol, 2-aminoprop-2-ylsilanetriol, 3-amino-2-methylpro-
pylsilanetriol, 2-amino-1,1-dimethylethylsilanetriol, 2-(2-
aminoethoxy)ethylsilanetriol, 2-[2-(2-aminoethoxy)ethoxy]
ethylsilanetriol, 4-aminobutylsilanetriol,
3-aminobutylsilanetriol,  4-amino-2-buten-1-ylsilanetriol,
S-aminopentylsilanetriol, 4-aminopentylsilanetriol, 3-ami-
nopentylsilanetriol, 2-aminopentylsilanetriol, 1-aminopen-
tylsilanetriol, 6-aminohexylsilanetriol, 6-amino-3-hexen-1-
ylsilanetriol, 1-aminohexylsilanetriol,
3-aminohexylsilanetriol, 7-aminoheptylsilanetriol, 8-ami-
nooctylsilanetriol, 7-aminooctylsilanetriol, 9-aminononylsi-
lanetriol, 1-aminononylsilanetriol, 10-aminodecylsilan-
etriol, 4-aminodecylsilanetriol, 11-aminoundecylsilanetriol,
12-aminododecylsilanetriol,  11-aminododecylsilanetriol,
16-aminohexadecylsilanetriol, 1-aminohexadecylsilanetriol,
12-aminohexadecylsilanetriol, 18-aminooctadecylsilan-
etriol, 20-aminoeicosylsilanetriol, 22-aminodocosylsilan-
etriol, 30-aminotricosylsilanetriol, 3-aminocyclopentylsi-
lanetriol, 2-amino-3-methylcyclopentylsilanetriol,
4-aminocyclohexylsilanetriol, 4-aminocyclohex-2-enylsi-
lanetriol, o-aminophenylsilanetriol, p-aminophenylsilan-
etriol, 3-(m-aminophenoxy)-propylsilanetriol, 4-aminoben-
zylsilanetriol,  (4'-aminobiphenyl-4-yl)silanetriol,  and
bicyclo[2.2.1]hept-7-amino-2-yl-silanetriol.

[0163] Some examples of suitable silanetriol compounds
according to formula (2) and having more than one primary
amino group include 1,2-diaminoethylsilanetriol, 1,1-diami-
noethylsilanetriol, 1,3-diaminopropylsilanetriol, 1,2,3-tri-
aminopropylsilanetriol, 3,5-diaminocyclohexylsilanetriol,
3,4-diaminophenylsilanetriol, 3,5-diaminophenylsilanetriol,
3,4,5-triaminophenylsilanetriol, 1,4-diaminobutylsilan-
etriol, 4,5-diaminopentylsilanetriol, 3,6-diaminohexylsilan-
etriol, 3,5-diaminohexylsilanetriol, 1,3,5-triaminohexylsi-
lanetriol, 3,7-diaminoheptylsilanetriol, 1,8-
diaminooctylsilanetriol, 4,8-diaminooctylsilanetriol, 7,9-
diaminononylsilanetriol, 8,10-diaminodecylsilanetriol,
9,11-diaminoundecylsilanetriol, 10,12-diaminododecylsi-
lanetriol, 14,16-diaminohexadecylsilanetriol, 4,10-diami-
nooctadecylsilanetriol, 3,4-diaminocyclopentylsilanetriol,
3,4-diamino-3-methylcyclopentylsilanetriol, 3,5-diami-
nocyclohexylsilanetriol, (ureidopropyl)(2-aminoethyl)silan-
etriol, and bicyclo[2.2.1 Jhept-5,6-diamino-2-yl-silanetriol.

[0164] Some examples of suitable silanetriol compounds
according to formula (2) and having one or more secondary
amino groups include N-methyl-aminomethylsilanetriol,
N-methyl-aminomethylsilanetriol, N-methylaminomethyl-
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silanetriol, N-methyl-aminomethylsilanetriol, N-methyl-
aminomethylsilanetriol, =~ N-ethyl-aminomethylsilanetriol,
N-propyl-aminomethylsilanetriol, N-butyl-aminomethylsi-
lanetriol, N-isopropyl-aminomethylsilanetriol, N-butyl-ami-
nomethylsilanetriol, N-isobutylaminomethyl-silanetriol,
N-pentyl-aminomethylsilanetriol, N-hexyl-aminomethylsi-
lanetriol, N-cyclohexyl-aminomethylsilanetriol, N-phenyl-
aminomethylsilanetriol, =~ N-octyl-aminomethylsilanetriol,
N-decyl-aminomethylsilanetriol, N-dodecyl-aminomethyl-
silanetriol, N-allylaminomethyl-silanetriol, N-3-butenyl-
aminomethylsilanetriol, N-methyl-2-aminoethylsilanetriol,
N-ethyl-2-aminoethylsilanetriol, N-propyl-2-aminoethylsi-
lanetriol, N-butyl-2-aminoethylsilanetriol, N-isopropyl-2-
aminoethylsilanetriol, N-butyl-2-aminoethylsilanetriol,
N-isobutyl-2-aminoethyl-silanetriol, N-pentyl-2-aminoeth-
ylsilanetriol, N-hexyl-2-aminoethylsilanetriol, N-octyl-2-
aminoethylsilanetriol, N-decyl-2-aminoethylsilanetriol,
N-dodecyl-2-aminoethylsilanetriol, N-methyl-3-aminopro-
pylsilanetriol, N-isopropyl-3-aminopropylsilanetriol,
N-ethyl-3-aminopropyl-silanetriol, N-isobutyl-3-aminopro-
pylsilanetriol, N-butyl-3-aminopropylsilanetriol, N-methyl-
3-aminopropylsilanetriol, N-methyl-4-aminobutylsilan-
etriol, N-octyl-4-aminobutylsilanetriol, N-allyl-4-
aminobutylsilanetriol,  N-methyl-8-aminooctylsilanetriol,
N-cyclopropyl-8-aminooctyl-silanetriol, N-ethyl-9-aminon-
onylsilanetriol, N-ethyl-10-aminodecylsilanetriol, N-me-
thyl-12-aminododecylsilanetriol, N-allyl-12-aminododecyl-
silanetriol, N-ethyl-12-aminohexadecyl-silanetriol,
pyrrolidin-3-ylsilanetriol,  2-methyl-pyrrolidin-3-ylsilan-
etriol, piperidin-4-ylsilanetriol, morpholin-2-ylsilanetriol,
piperazin-1-ylsilanetriol, piperazin-2-ylsilanetriol, and
N-cyclohexylaminopropylsilanetriol.

[0165] The silanol compounds according to formulas (1)
and (2) also include silanol compounds having a multiple
number of silano groups, i.e., multi-silano compounds.

[0166] One subclass of the multi-silano compounds is the
class of linear polysiloxanes. Some subclasses of linear
polysiloxanes include, for example, the disiloxanes, trisilox-
anes, tetrasiloxanes, pentasiloxanes, hexasiloxanes, heptasi-
loxanes, and octasiloxanes. Some examples of suitable lin-
ear polysiloxanes according to formulas (1) or (2) include
1,3-bis[2-(aminoethyl)aminomethyl]-tetrahydroxydisilox-
ane, 1,5-bis-(aminomethyl)hexa-hydroxytrisiloxane, 1,7-
bis-(aminomethyl)octahydroxytetrasiloxane, 1,9-bis-(ami-
nomethyl)-decahydroxypentasiloxane, 1,15-bis-
(aminomethyl)hexadecahydroxy-octasiloxane, 1,19-bis-
(aminomethyl)eicosahydroxy-decasiloxane, 1,23-bis-
(aminomethyl)tetracosahydroxy-dodecasiloxane,
3-aminopropylpentahydroxy-disiloxane, and 1,3-bis-(ami-
nomethyl)-1,1,3,3-tetrakis(trihydroxysiloxy)disiloxane.

[0167] Another subclass of the multi-silano compounds is
the class of cyclic polysiloxanes. Some subclasses of the
cyclic polysiloxanes include, for example, the cyclotrisilox-
anes, cyclotetrasiloxanes, cyclopentasiloxanes, and cyclo-
hexasiloxanes. Some examples of suitable cyclic polysilox-
anes include 2,2-bis-(aminomethyl)-4,4,6,6-
tetrahydroxycyclo-trisiloxane, 2,2-bis-(aminomethyl)-4,4,6,

6,8,8-hexahydroxycyclotetrasiloxane, 2,2-bis-
(aminomethyl)-4,4,6,6,8,8,10,10-
octahydroxycyclopentasiloxane, and 2,2-bis-

(aminomethyl)-4,4,6,6,8,8,10,10,12,12-
decahydroxycyclohexasiloxane.
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[0168] Another subclass of the multi-silano compounds is
the class of polyhedral oligomeric silsesquioxanes, e.g., the
commercially available POSS™ line of chemicals. Some
examples of suitable silsesquioxane compounds bearing one
or more primary or secondary amino groups include 1-(3-
aminopropyl)-3,5,7,9,11,14-hexaisobutyltricyclo[ 7.3.3.1(5,
11)]-heptasiloxane-endo-3,7,14-triol; 1-(3-aminopropyl)-3,
5,7,9,11,14-hexaisooctyltricyclo{7.3.3.1(5,11)]
heptasiloxane-endo-3,7,14-triol;
aminoethyl)aminopropyl]-3,5,7,9,11,14-
hexaisobutyltricyclo[7.3.3.1(5,11)]-heptasiloxane-endo-3,7,
14-triol; and 143-(2-aminoethyl)aminopropyl]-3,5,7,9,11,
14-hexaisooctyltricyclo[ 7.3.3.1(5,11)]-heptasiloxane-endo-
3,7,14-triol.

13-(2-

[0169] Other suitable multi-silanol compounds are those
which are polymeric in nature. Some examples of polymeric
silanol compounds include the class of silanol-terminated
polydimethylsiloxanes, i.e., silanol-terminated silicones.
The silanol-terminated polydimethylsiloxanes can also be
amino-derivatized. The molecular weights of such polydim-
ethylsiloxane polymers are not particularly limited. For
example, the molecular weight of such polymers can be as
low as 10,000, or as high as 500,000.

[0170] In a further embodiment, a portion of the silicon
atoms in the at least partially crosslinked amido-function-
alized silanol component are bound to carboxylate-contain-
ing groups through a silicon-oxygen bond of the type
(—COO—Si). The carboxylate-containing groups include at
least one carboxylate functionality. Accordingly, the car-
boxylate-containing groups include monocarboxylates,
dicarboxylates, tricarboxylates, tetracarboxylates, and so on.
Preferably, the carboxylate-containing groups contain a
single carboxylate functionality and are represented by the
formula

R*—C(0)O— Q)

[0171] In formula (7), R® independently represents H; or
any of the saturated or unsaturated, straight-chained or
branched, cyclic, polycyclic, fused, or acyclic, substituted or
unsubstituted hydrocarbon groups described above. Prefer-
ably, R® is any of the hydrocarbon groups described above
and having 1 to 50 carbon atoms. More preferably, R® is any
of the hydrocarbon groups described above and having 1 to
40 carbon atoms, more preferably 1 to 30 carbon atoms,
more preferably 1 to 20 carbon atoms, more preferably 1 to
12 carbon atoms, more preferably 1 to 10 carbon atoms,
more preferably 1 to 6 carbon atoms, more preferably 1 to
5 carbon atoms, and even more preferably 1 to 3 carbon
atoms. In a particularly preferred embodiment, R® represents
a methyl group and formula (7) accordingly represents an
acetate group.

[0172] Some examples of suitable carboxylate-containing
groups include formate, acetate, triffuoroacetate, propionate,
butanoate, pentanoate, hexanoate, heptanoate, octanoate,
nonanoate, decanoate, undecanoate, dodecanoate, tride-
canoate, tetradecanoate, hexadecanoate, octadecanoate,
icosanoate, acryloate, butenoate, cyclohexanecarboxylate,
cyclohexylacetate, cyclopentanecarboxylate, benzoate, phe-
nylacetate, 4-methylbenzoate, 4-isopropylbenzoate, 4-t-bu-
tylbenzoate, 3,5-dimethylbenzoate, 3,5-diisopropylben-
zoate,  3,5-di-t-butylbenzoate,  biphenyl-4-carboxylate,
naphthalene-2-carboxylate, oxalate, malonate, succinate,
glutarate (1,5-pentanedioate), 1,6-hexanedioate, fumarate,
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suberate, tartrate, 2-carboxymalonate, terephthalate, phtha-
late, 1,3,5-benzenetrioate, ethylenediaminetetraacetate, and
diethylenetriaminepentaacetate.

[0173] The corrosion-resistant film includes the at least
partially crosslinked amido-functionalized silanol compo-
nent, as described above, in combination with rare-earth
metal oxide nanoparticles. The rare-earth metal oxide nano-
particles are composed, minimally, of an oxide of one or
more metal ions selected from the class of lanthanide metals,
actinide metals, or a combination thereof.

[0174] 1In a preferred embodiment, the rare-earth metal
oxide nanoparticles are lanthanide metal oxide nanopar-
ticles. The lanthanide metal oxide nanoparticles are com-
posed, minimally, of an oxide of one or more lanthanide
metal ions. Some examples of suitable lanthanide ions
include the ions of lanthanum (La), cerium (Ce), praesody-
mium (Pr), neodymium (Nd), promethium (Pm), samarium
(Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dys-
prosium (Dy), holmium (Ho), erbium (Er), thulium (Tm),
ytterbium (YD), and lutetium (Lu).

[0175] For example, the lanthanide metal oxide nanopar-
ticles can include an oxide of cerium, or an oxide of
samarium. Alternatively, for example, the lanthanide metal
oxide nanoparticles can include an oxide of'a combination of
cerium and samarium metal ions. Still further, for example,
the lanthanide metal oxide nanoparticles can include an
oxide of a combination of cerium, samarium, and one or
more other lanthanide metal ions.

[0176] In another embodiment, the rare-earth metal oxide
nanoparticles are actinide metal oxide nanoparticles. The
actinide metal oxide nanoparticles are composed, minimally,
of an oxide of one or more actinide metal ions. Some
examples of suitable actinide metal ions include actinium
(Ac), thorium (Th), protactinium (Pa), uranium (U), nep-
tunium (Np), and americium (Am).

[0177] In yet another embodiment, the rare-earth metal
oxide nanoparticles include a combination of one or more
lanthanide metal ions and one or more actinide metal ions.
For example, a rare-earth metal oxide nanoparticle can
include an oxide of a combination of cerium and thorium, or
samarium and thorium, or a combination of cerium,
samarium, and thorium.

[0178] The oxidation state of the rare-earth metal ions can
be any of the oxidation states typically encountered for such
metals. For example, cerium oxide nanoparticles can contain
cerium(I11) ions, cerium(IV) ions, or a combination thereof.
Samarium oxide nanoparticles can contain samarium(I)
ions, samarium(IIl) ions, or a combination thereof.
Europium oxide nanoparticles can contain europium(Il)
ions, europium(IIl) ions, or a combination thereof. Ytter-
bium oxide nanoparticles can contain ytterbium(II) ions,
ytterbium(III) ions, or a combination thereof. Neptunium
oxide nanoparticles can contain neptunium ions in an oxi-
dation of +3, +4, +5, or +6. Many of the rare-earth metal
ions, e.g., Gd, Tb, Dy, Ho, Er, Lu, are known to possess only
the oxidation state of +3.

[0179] The rare-earth metal oxide nanoparticles can also
include one or more additional elements or chemical spe-
cies. For example, the rare-earth metal oxide nanoparticles
can include one or more alkali, alkaline earth, main group,
or transition metals. The rare-earth metal oxide nanopar-
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ticles can also include any suitable surface active agents on
their surface. Some examples of surface active agents
include metal-binding or metal-coordinating ligands, par-
ticle stabilizers, dispersants, templating species, and so on.

[0180] The size of the rare-earth metal oxide nanoparticles
is not particularly limited, but is preferably less than about
one hundred nanometers (nm) in any dimension. More
preferably, the size of the nanoparticles is within the range
of 1-50 nm, more preferably 1-20 nm, more preferably 1-10
nm, and even more preferably 1-5 nm. The oxide nanopar-
ticles can be approximately, or precisely, monodisperse in
size. Alternatively, the oxide nanoparticles can be anywhere
from slightly to widely polydisperse in size.

[0181] The rare-earth metal oxide nanoparticles can also
be of any shape. For example, the nanoparticles can be at
least approximately spherical, oblong, rectangular, square
planar, pyramidal, cuboidal, cylindrical, octahedral, cubooc-
tahedral, icosahedral, rod-shaped, fibrous, or amorphous.
The oxide nanoparticles can also be separate and distinct, or
alternatively, agglomerated. In addition, the oxide nanopar-
ticles can assume, in certain circumstances, a low, moderate,
or high degree of organization with respect to each other in
the corrosion-resistant film. For example, it is possible for
the oxide nanoparticles to form ordered arrays in the cor-
rosion-resistant film.

[0182] In another aspect, the invention relates to methods
for producing the corrosion-resistant metal surface
described above. The corrosion-resistant metal surface, as
described above, can be produced by any suitable method.

[0183] In a preferred embodiment, the corrosion-resistant
metal surface is produced by treating a metal surface having
thereon a combination of one or more silanol compounds
and one or more rare-carth metal carboxylate compounds.
One or more of the silanol compounds are amino-function-
alized.

[0184] The silanol compounds used in the method are
precursors to the at least partially crosslinked amido-func-
tionalized silanol component of the corrosion-resistant film.
By practicing the method, the silanol compounds become at
least partially crosslinked and at least a portion of the amino
groups in the silanol compounds become N-acylated. Ami-
dation and crosslinking of the silanol compounds cause the
silanol compounds to be converted into the at least partially
crosslinked amido-functionalized silanol component of the
corrosion-resistant film.

[0185] In a preferred embodiment, at least one or more of
the precursor silanol compounds used in the method are
non-acylated amino-containing and uncrosslinked versions
of the silanol compounds described by formula (1):

R',R?, B2 Si(OH) g &Y

[0186] For the precursor silanol compounds, R!, R?, and
R in formula (1) each independently represent H; or any of
the saturated or unsaturated, straight-chained or branched,
cyclic, polycyclic, fused, or acyclic, substituted or unsub-
stituted hydrocarbon groups described above under formula
(1). At least one of the precursor silanol compounds accord-
ing to formula (1) have at least one of R', R? and R?
represent a hydrocarbon group. In addition, at least one of
the hydrocarbon groups has one or more hydrogen atoms
substituted by one or more primary amino groups; or alter-
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natively, or in addition, at least one of the hydrocarbon
groups has one or more secondary carbon atoms substituted
by one or more secondary amino groups. The subscripts m,
n, and r independently represent O or 1, provided that m, n,
and r are not all 0.

[0187] In a further embodiment to formula (1), the method
uses one or more precursor silanetriol compounds. The one
or more precursor silanetriols are preferably independently
represented by the formula:

R!Si(OH); ()]

[0188] Informula (2), R' independently represents any of
the saturated or unsaturated, straight-chained or branched,
cyclic, polycyclic, fused, or acyclic, substituted or unsub-
stituted hydrocarbon groups as described above for formula
(1). When formula (2) represents a single amino-function-
alized precursor silanetriol compound, the hydrocarbon
group of R has one or more hydrogen atoms substituted by
one or more primary amino groups; or alternatively, or in
addition, one or more secondary carbon atoms substituted by
one or more secondary amino groups.

[0189] When formula (2) represents two or more amino-
functionalized precursor silanetriol compounds, then the
hydrocarbon group of R' for at least one of the precursor
silanetriol compounds has one or more hydrogen atoms
substituted by one or more primary amino groups; or alter-
natively, or in addition, one or more secondary carbon atoms
substituted by one or more secondary amino groups. For
example, one or more precursor silanetriol compounds can
be substituted by amino groups while one or more other
precursor silanetriol compounds are not substituted by
amino groups.

[0190] Other combinations within the scope of the inven-
tion include, for example, two or more amino-functionalized
precursor silanetriol compounds which differ structurally,
but which are all substituted in some proportion by one or
more amino groups.

[0191] Examples of amino-functionalized silanediols and
silanetriols suitable as precursors in the method have been
given above. Examples of amino-functionalized precursor
silanol compounds suitable for the method and containing
more than one silano group have also been given above.

[0192] Particularly preferred for the method are amino-
functionalized silanol compounds according to formula (2)
wherein R! represents the formula:

HN—(CHy)— ®)

[0193] Informula (8), p represents an integer from 1 to 50.
The preferred embodiments of p are as described above for
formula (6). Some particularly preferred amino-functional-
ized silanol compounds for use in the method include
aminomethylsilanetriol, 2-aminoethylsilanetriol, 3-amino-
propylsilanetriol, 4-aminobutylsilanetriol, S-aminopentylsi-
lanetriol, 6-aminohexylsilanetriol, 7-aminoheptylsilanetriol,
8-aminooctylsilanetriol, 9-aminononylsilanetriol, 10-ami-
nodecylsilanetriol, 11-aminoundecylsilanetriol, 12-amin-
ododecylsilanetriol, 16-aminohexadecylsilanetriol, and
18-aminooctadecylsilanetriol.

[0194] When the at least partially crosslinked amido-
functionalized silanol component is derived from two or
more silanol compounds according to formula (1), at least
one of the silanol compounds is required to contain amino
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groups. At least a portion of the amino groups are converted
to amido groups (N-acylated amino groups) by practicing
the method. Accordingly, one or more of the silanol com-
pounds can lack amino groups as long as one or more of the
other silanol compounds contain amino groups.

[0195] In silanol compounds according to formula (1) not
substituted with amino groups, R' and R can be, for
example, methyl groups, while R is absent, or is H, or is any
of the hydrocarbons described above not substituted with
amino groups. The methyl groups of R' and R? can also
optionally be interconnected to form a silacyclopropane
ring. Alternatively, for example, R' and R? can be ethyl
groups. The ethyl groups can be interconnected to form, for
example, a silacyclopentane ring or a 2-methylsilacyclobu-
tane ring. Still further, for example, R* can be a vinyl group
and R? an ethyl group. Depending on the carbon linkage
chosen for interconnection, the groups can be connected to
form, for example, a 2-methylenesilacyclobutane ring or a
silacyclopent-2-ene ring.

[0196] Another example of a silanol compound not sub-
stituted with amino groups and which is suitable for
crosslinking with other amino-containing silanol com-
pounds, is one containing a silicon-containing polycyclic
ring system. In accordance with formula (1), when all of RY,
R?, and R? are present, i.e., when all of n, m, and p in
formula (1) are 1, and all of R*, R?, and R? are hydrocarbon
groups, the three hydrocarbon groups are optionally con-
nected to form a polycyclic ring system. For example, in
formula (1), R' and R? can be ethyl groups while R® is a
3-(silanetriol)propyl group. R, R?, and R? can be intercon-
nected to form, for example, the polycyclic silanol com-
pound 1-sila-4-silanetriol-bicyclo[2.2.2]Joctan-1-0l. For the
purposes of the present invention, the foregoing polycyclic
compound would need to be accompanied in the at least
partially crosslinked amido-functionalized silanol compo-
nent under formula (1) by one or more other silanol com-
pounds bearing N-acylated amino groups.

[0197] Some other examples of silanol compounds which
do not have amino groups, and which are suitable for
combination with one or more silanol compounds having
amino groups include Si(OH), (orthosilicic acid), methylsi-
lanetriol, trifluoromethylsilanetriol, ethylsilanetriol, vinylsi-
lanetriol, propylsilanetriol, 3-bromopropylsilanetriol, 3-gly-
cidoxypropylsilanetriol, isopropylsilanetriol,
allylsilanetriol, 3-acryloxypropylsilanetriol, butylsilanetriol,
isobutysilanetriol, t-butylsilanetriol, t-butylmethylsilan-
etriol, pentylsilanetriol, hexylsilanetriol, octylsilanetriol,
10-undecenylsilanetriol, cyclohexylsilanetriol, phenylsilan-
etriol, pentafluorophenylsilanetriol, benzylsilanetriol, ben-
zylmethylsilanediol, dimethylsilanediol, ethylmethylsi-
lanediol, diethylsilanediol, dipropylsilanediol,
ethylpropylsilanediol, methylpropylsilanediol, methylphe-
nylsilanediol, ethylcyclohexylsilanediol, dibutysilanediol,
dipentylsilanediol, dihexylsilanediol, hexahydroxydisilox-
ane, octahydroxytrisiloxane, decahydroxytetrasiloxane, tet-
ratricosahydroxyhexadecasiloxane, 1,3-dihydroxy-1,1,3,3-
tetrakis(trihydroxysiloxy)disiloxane,
hexahydroxycyclotrisiloxane, decahydroxycyclopentasilox-
ane, dodecahydroxycyclohexasiloxane, and adamantyleth-
ylsilanetriol.

[0198] Also included in the silanol compounds which do
not have amino groups, but which are suitable for crosslink-
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ing with other amino-containing silanol compounds, are the
crosslinkable silsesquioxane compounds. Some examples of
such silsesquioxane compounds include 1,3,5,7,9,11,14-
heptaisobutyltricyclo{7.3.3.1(5,11) Jheptasiloxane-endo-3,
7,14-triol (isobutyltrisilanol-POSS™), and 1,3,5,7,9,11,14-
heptaisooctyltricyclo[7.3.3.1(5,11) Jheptasiloxane-endo-3,7,
14-triol (isooctyltrisilanol-POSS™).

[0199] As is known in the art, silanol compounds can be
derived by water-mediated hydrolysis from precursor reac-
tive silanes. A highly reactive class of precursor silanes
includes the corresponding chlorosilanes. A less reactive and
more preferred class of precursor silanes includes the silox-
anes, i.e., the alkoxysilanes.

[0200] For example, the one or more amino-functionalized
silanol compounds described by formula (1) above can be
derived by water-mediated hydrolysis of one or more amino-
functionalized siloxane compounds independently repre-
sented by the formula:

R', R, R SI(ORY) 4 3)

[0201] In formula (3), R', R? R?, and R* each indepen-
dently represent H or any of the saturated or unsaturated,
straight-chained or branched, or cyclic, polycyclic, fused, or
acyclic hydrocarbon groups, as described above under for-
mula (1). Preferably, R* independently represents a saturated
or unsaturated, straight-chained or branched, cyclic or acy-
clic hydrocarbon group having 1 to 6 carbon atoms, or a
silano group.

[0202] In formula (3), the subscripts m, n, and r indepen-
dently represent O or 1, provided that m, n, and r are not all
0. In addition, when m, n, and r are all 1, then at least one
of R', R?, and R? is additionally substituted with one or more
groups selected from =Si(OR?), =Si(ORY),, or —Si(ORY);.
RY independently represents H, or any of the hydrocarbons
described above. Preferably, R? represents a saturated or
unsaturated, straight-chained or branched, cyclic or acyclic
hydrocarbon group having 1 to 6 carbon atoms, or a silano
group.

[0203] In a further embodiment of formula (3), one or
more amino-functionalized silanol compounds are derived
by water-mediated hydrolysis of one or more amino-func-
tionalized trialkoxysilane compounds independently repre-
sented by the formula:

RISi(ORY), 4)
[0204]

[0205] When siloxane precursors are used, water-medi-
ated hydrolysis can be aided, where appropriate, by the
inclusion of a catalytic amount of an acid. Some examples
of suitable acids include, hydrochloric acid, sulfuric acid,
nitric acid, and acetic acid.

In formula (4), R* and R* are as described above.

[0206] The method produces a corrosion-resistant metal
surface by first applying onto the metal surface a combina-
tion of one or more amino-functionalized silanol com-
pounds, as described above, and one or more rare-earth
metal carboxylate compounds. The rare-earth metal car-
boxylate compounds are composed, minimally, of a car-
boxylate component and one or more metal ions selected
from the class of lanthanide metals, actinide metals, or a
combination thereof.

[0207] The rare-earth metal carboxylate compounds of the
method are precursors to the rare-earth metal oxide nano-
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particles described above. Accordingly, the description pro-
vided above for rare-earth metal ions (in the rare-earth metal
oxide nanoparticles) also describe the rare-earth metal ions
in the rare-earth metal carboxylates.

[0208] For example, the rare-earth metal carboxylate can
be a lanthanide metal carboxylate. The lanthanide metal
carboxylate is composed, minimally, of a carboxylate com-
ponent and one or more lanthanide metal ions, as described
above. The lanthanide metal carboxylate can include, for
example, one or more carboxylate salts of cerium, or one or
more carboxylate salts of samarium. Alternatively, for
example, the lanthanide metal carboxylate can include one
or more carboxylate salts of a combination of cerium and
samarium metal ions. Still further, for example, the lan-
thanide metal carboxylate can include one or more carboxy-
late salts of a combination of cerium, samarium, and one or
more other lanthanide metal ions.

[0209] The rare-earth metal carboxylate can alternatively
be an actinide metal carboxylate. The actinide metal car-
boxylates are composed, minimally, of a carboxylate salt of
one or more actinide metal ions. For example, the actinide
carboxylate salt can include a carboxylate salt of actinium,
thorium, protactinium, uranium, neptunium, or americium.

[0210] In yet another embodiment, the rare-earth metal
carboxylate includes a combination of one or more lan-
thanide metal ions and one or more actinide metal ions. For
example, a rare-earth metal carboxylate can include one or
more carboxylate salts of a combination of cerium and
thorium, or samarium and thorium, or a combination of
cerium, samarium, and thorium.

[0211] The carboxylate component of the rare-earth metal
carboxylate includes one or more carboxylate-containing
chemical groups. Accordingly, the carboxylate component
includes monocarboxylates, dicarboxylates, tricarboxylates,
tetracarboxylates, and so on. Preferably, the carboxylate
component has a single carboxylate functionality.

[0212] More preferably, the carboxylate component of the
rare-earth metal carboxylate is represented by formula (7)
described above. The description for R® in formula (7), as
well as all of the examples of carboxylate groups provided
under formula (7), apply to the carboxylate component of
the rare-earth metal carboxylates.

[0213] Some examples of lanthanide metal carboxylates
include cerium formate, samarium formate, lanthanum
acetate, cerium acetate, praesodymium acetate, neodymium
acetate, samarium acetate, europium acetate, gadolinium
acetate, terbium acetate, dysprosium acetate, holmium
acetate, erbium acetate, thulium acetate, ytterbium acetate,
Iutetium acetate, cerium trifluoroacetate, gadolinium dieth-
ylenetriaminepentaacetate (gadopentetic acid), samarium
propionate, cerium butanoate, europium pentanoate, cerium
hexanoate, samarium hexanoate, praesodymium heptanoate,
lanthanum  octanoate, cerium nonanoate, samarium
decanoate, cerium undecanoate, cerium dodecanoate,
cerium benzoate, cerium oxalate, samarium oxalate,
europium oxalate, lanthanum oxalate, cerium succinate,
samarium glutarate (samarium 1,5-pentanedioate), cerium
suberate, cerium ethylenediaminetetraacetate, and samarium
ethylenediaminetetraacetate. Some examples of actinide
metal carboxylates include thorium acetate and uranyl
acetate.
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[0214] The purity of the rare-earth metal carboxylates is
not particularly limited. Preferably, the purity of the rare-
earth metal carboxylates is 99% or higher. For example, the
purity of the rare-earth metal carboxylates can be 99%,
99.9%, 99.99%, or 99.999%. In addition, the rare-earth
metal carboxylates can be in the form of a hydrate or solvent
adduct.

[0215] The one or more rare-earth metal carboxylate com-
pounds can be used in the method directly, i.e., as pre-made
rare-earth metal carboxylate compounds. Alternatively, the
rare-earth metal carboxylate compound can be produced
directly before practicing the method, or produced in situ
during the method. The rare-earth metal carboxylate com-
pound can be produced in situ by, for example, reacting a
suitable rare-earth metal precursor compound with a car-
boxylate salt. Some examples of classes of suitable rare-
earth metal precursor compounds include the rare-earth
metal halides, nitrates, sulfates, and triflates. Some specific
examples of such rare-earth metal precursor compounds
include cerium chloride, samarium chloride, cerium nitrate,
samarium nitrate, lanthanum sulfate, and erbium triflate.

[0216] Before treating the metal surface according to the
methods of the invention, the metal surface typically under-
goes a priming or pre-treatment process. The primary pur-
pose of the pre-treatment process is to clean the metal
surface. The metal surface can be treated by any of a variety
of means as known in the art, including treatment with any
of a variety of solutions containing detergents and other
chemicals, at room temperature or elevated temperatures,
either with or without the application of a voltage. The
pre-treatment process can also serve to passivate the metal
surface by using any of the anodization, galvanizing, and
other passivating methods known in the art.

[0217] The combination of the one or more silanol com-
pounds and the one or more rare-earth metal carboxylate
compounds is in any suitable form on the metal surface. For
example, the combination can be in the form of an adherent
powder on the metal surface. Such an adherent powder can
be applied by, for example, a powder coating process.

[0218] Preferably, the combination of one or more silanol
compounds and one or more rare-earth carboxylate com-
pounds is in a liquid phase, i.e., as a solution, on the metal
surface. The metal surface can be wetted with such a
solution by any suitable means.

[0219] For example, the metal surface can be dipped into
a solution containing the one or more silanol compounds and
one or more rare-earth carboxylate compounds. Alterna-
tively, the metal surface can be dipped successively into two
separate solutions wherein one solution contains the one or
more silanol compounds and the other solution contains the
one or more rare-earth carboxylate compounds.

[0220] The metal surface can alternatively be wetted by
spraying the solution onto the metal surface. Spraying can be
accomplished by using any suitable method, most preferably
by the use of one or more spray guns. Other spraying
technologies, such as indirect misting or fogging techniques,
are also contemplated.

[0221] Spraying can be accomplished by spraying a solu-
tion containing a combination of the one or more silanol
compounds and one or more rare-earth carboxylate com-
pounds. Alternatively, the metal surface can be sprayed
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successively with two separate solutions wherein one solu-
tion contains the one or more silanol compounds and the
other solution contains the one or more rare-earth carboxy-
late compounds.

[0222] When dipping or spraying are accomplished by
using separate solutions, the subsequent dipping or spraying
step must not, by necessity, completely remove the preced-
ing deposited chemicals from the metal surface. For
example, intermediate rinsing or conditioning steps can be
used to, inter alia, prevent the removal of the preceding
deposited chemicals and/or improve the deposition of the
subsequent chemical. Additional steps before, between, or
after successive dippings or spraying, such as drying steps or
exposure to a radiative source, are also contemplated.

[0223] When a solution is used, preferably at least one of
the silanol compounds or at least one of the rare-earth metal
carboxylate compounds is at least partially soluble in the
liquid phase of the solution. More preferably, at least one of
the silanol compounds and at least one of the rare-earth
metal carboxylate compounds are at least partially soluble in
the liquid phase. Even more preferably, the one or more
silanol compounds and the one or more rare-earth metal
carboxylate compounds are all nearly, or completely, soluble
in the liquid phase.

[0224] The liquid phase of the solution can be a single
solvent. The solvent can be also be a solid or gas at room
temperature and be converted to a liquid by modification of
temperature and/or pressure. For example, the solvent can be
solidified or partly solidified at room temperature and be
converted to a suitable solvent by the application of heat.
Alternatively, the solvent can be a gas at room temperature
and be converted to a suitable solvent by cooling and/or
application of increased pressure. An example of such a gas
is carbon dioxide, which, upon cooling and/or an increase in
pressure, liquefies into liquid (or supercritical) carbon diox-
ide.

[0225] The solvent of the solution is preferably a liquid at
room temperature. Such a solvent can be, for example, a
protic, polar aprotic, or hydrocarbon solvent. Some
examples of suitable protic solvents include water, the class
of alcohol solvents, and the classes of glycol and triol
solvents. Some examples of suitable alcohol solvents
include methanol, ethanol, propanol, isopropanol, butanol,
isobutanol, t-butanol, 1-pentanol, and 1-hexanol. Some
examples of glycol solvents include ethylene glycol, 1,2-
propanediol, 1,3-propanediol, 1,2-butanediol, 1,4-butane-
diol, di(ethylene glycol), propylene glycol butyl ether, and
tri(ethylene glycol). An example of a triol solvent is 1,2,4-
butanetriol.

[0226] Some examples of polar aprotic solvents include
acetonitrile, propionitrile, dimethylsulfoxide, N,N-dimeth-
ylformamide, N,N-diethylformamide, N,N-dimethylaceta-
mide, methylene chloride, chloroform, diethyl ether, diiso-
propyl ether, diphenyl ether, propylene glycol dimethyl
ether, propylene glycol dipropyl ether, tri(ethylene glycol)d-
imethyl ether.

[0227] Some examples of hydrocarbon solvents include
the pentanes, hexanes, heptanes, octanes, benzene, toluene,
and xylenes.

[0228] The liquid phase of the solution can be a combi-
nation of solvents, i.e., a solvent mixture. The combination
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of solvents can include two, three, or more solvents. The
solvents can be miscible, partly miscible, or immiscible.

[0229] The solvent mixture can be aqueous-based or non-
aqueous. The aqueous-based solvent contains water in any
suitable amount. For example, an aqueous-based solvent can
be composed solely of water, or the water can be present in
a substantial proportion by weight or volume of the solvent
mixture. Alternatively, the water can be in a trace amount in
the solvent mixture. The non-aqueous solvent mixture con-
tains two or more solvents in the absence of water. For
example, the non-aqueous solvent mixture can contain a
mixture of a high boiling ether solvent and a lower boiling
hydrocarbon solvent.

[0230] The one or more silanol compounds can be in the
solution in any desirable amount. For example, the one or
more silanol compounds can be in a minimum amount of
0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0,
7.0, 8.0, or 9.0 percent by weight. The one or more silanol
compounds can be in a maximum amount of, for example,
10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, or 95
percent by weight. For example, in a preferred embodiment,
the one or more silanol compounds are in an amount of
approximately 0.1-10 percent by weight.

[0231] The one or more rare-earth metal carboxylate com-
pounds can also be in the solution in any desirable amount.
For example, the one or more rare-carth metal carboxylate
compounds can be in a minimum amount of 0.001, 0.01,
0.05,0.1,0.2,0.3,04,0.5,0.6,0.7,0.8,0.9,1.0, 1.1, 1.2, or
1.3 percent by weight. The one or more rare-earth metal
carboxylate compounds can be in a maximum amount of; for
example, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 10, 15, or 20
percent by weight. For example, in a preferred embodiment,
the one or more rare-earth metal carboxylate compounds are
in an amount of approximately 0.03-1.5 percent by weight.

[0232] The solution containing the one or more silanol
compounds and the one or more rare-earth metal carboxylate
compounds can include additional chemicals considered
desirable or appropriate. For example, the solution can
include additional carboxylate salt compounds. Some
examples of classes of additional carboxylate salt com-
pounds include carboxylates of the alkali, alkaline earth,
main group, and transition metals. Some specific examples
of additional carboxylate salt compounds include lithium
acetate, lithium propionate, sodium acetate, sodium oxalate,
sodium butanoate, sodium octanoate, sodium benzoate,
potassium pentanoate, magnesium acetate, magnesium hex-
anoate, zinc acetate, iron acetate, tin acetate, zinc oxalate, tin
oxalate, iron oxalate, copper acetate, nickel acetate, cobalt
acetate, gallium acetate, lithium decanoate, sodium dode-
canoate, potassium tartrate, and sodium salts of ethylenedi-
aminetetraacetic acid.

[0233] The solution used in the method can also include
metal oxide nanoparticles. Some examples of classes of
metal oxide nanoparticles which can be included in the
solution while practicing the method considered herein,
include oxide nanoparticles of the alkali, alkaline earth,
main group, transition, and rare-earth metals. Some
examples of such metal oxide nanoparticles include all of
the rare-earth metal oxide nanoparticles considered above
which become incorporated in the corrosion-resistant film.
Other metal oxide nanoparticles which can be included in
the solution include, for example, nanoparticles of lithium
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oxide, sodium oxide, potassium oxide, beryllium oxide,
magnesium oxide, calcium oxide, titanium oxide, yttrium
oxide, zirconium oxide, vanadium oxide, tantalum oxide,
copper oxide, and silicon oxide.

[0234] Nanoparticles of other compositions can also be
included in the solution. For example, nanoparticles of
zerovalent metals, metal sulfides, metal selenides, metal
tellurides, metal nitrides, metal phosphides, metal arsenides,
metal carbides, metal suicides, metal borides, metal alu-
minides, metal gallides, and so on, are all within the scope
of the invention.

[0235] Other optional chemicals can be included in the
solution containing the one or more silanol compounds and
one or more rare-earth metal carboxylates. Some of these
optional chemicals include detergents, wetting agents, anti-
foaming agents, metal complexing agents, passivating
agents, brightening agents, buffering agents, and the like.

[0236] The corrosion-resistant film is believed to be pro-
duced by several reactions. Some of the reactions include
N-acylation of the amino groups in the silanol component
(amidation); silano group cross-coupling (crosslinking); and
degradation of the one or more rare-earth metal carboxylates
to form the rare-earth metal oxide nanoparticles. The ami-
dation reaction is believed to occur between the carboxylate
portion of the one or more rare-earth metal carboxylate
compounds and the amino group (or groups) in the amino-
functionalized silanol compounds.

[0237] In addition, carboxylation of some portion of the
silicon atoms of the silanol compounds can occur before,
during, or after crosslinking by a reaction presumably
between the carboxylate groups in the rare-earth metal
carboxylate compounds and the silicon atoms in the silanol
compounds.

[0238] In the method, the ultrathin corrosion-resistant film
described above is formed on a metal surface. Preferably, the
ultrathin corrosion-resistant film is formed by subjecting a
metal surface having thereon a combination of the one or
more silanol compounds and the one or more rare-earth
metal carboxylates, i.e., the coated metal surface, to one or
more treatment steps which promote or effect formation of
the corrosion-resistant film on the metal surface. More
particularly, the one or more treatment steps promote or
effect silanol crosslinking and degradation of rare-earth
metal carboxylate compounds to rare-earth metal oxide
nanoparticles.

[0239] For example, the one or more treatment steps can
include the application of heat, i.e., thermal treatment.
Thermal treatment is applied according to the variables of
temperature and time. Typically, the higher the temperature
used, the lower the required amount of time required for
thermal treatment. Aside from possible issues of damage to
the metal surface, there is no particular upper limit for the
applied temperature. The thermal treatment step can also
serve additional purposes other than to promote formation of
the corrosion-resistant film on the metal surface.

[0240] In one embodiment, the coated metal surface is
thermally treated by maintaining the metal surface at
approximately room temperature (20-30° C.) for an amount
of time suitable for formation of the corrosion-resistant film.
Such an amount of time can be, for example, hours, days, or
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even weeks. The coated metal surface can also be exposed
to a moving air source during this time to facilitate drying.

[0241] In another embodiment, the coated metal surface is
heated within a temperature range of approximately 40 to
250° C. Depending on the temperature selected in this range,
the required time for thermal treatment can be, for example,
0.5 to 48 hours. More preferably, the coated metal surface is
heated within a temperature range of 90 to 150° C. Depend-
ing on the temperature selected in this range, the required
time for thermal treatment can be, for example, 1 to 24
hours. More preferably, the temperature is adjusted so that
the required time for thermal treatment is within the range of
approximately 2 to 6 hours.

[0242] 1In a preferred embodiment, the coated metal sur-
face is thermally treated by heating in an enclosure, such as
an oven. The coated metal surface can also be thermally
treated by exposure to, for example, a heated air source or
to infrared light.

[0243] Thermal treatment may not be suitable or preferred
in certain circumstances. For example, the metal surface can
contain thereon a patterned or unpatterned polymer or
photoresist, either of which can be sensitive to heat. The
metal surface can also be part of an electronic or semicon-
ductor device, or contain such a device, wherein the device
is heat sensitive. There may be other reasons for using
treatment methods other than thermal treatment. These other
treatment methods can be used instead of, or in combination
with, thermal treatment methods.

[0244] Some examples of non-thermal treatment methods
include chemical methods and exposure to a high energy
source. Such non-thermal treatment methods can also be
combined, if desired.

[0245] Chemical treatment methods use one or more
chemicals which promote or effect crosslinking of silanol
compounds and/or degradation of rare-earth metal carboxy-
lates to rare-carth metal oxide nanoparticles. For example,
crosslinking can be aided by inclusion of an appropriate
metal salt. Some examples of appropriate metal salts include
titanates and the carboxylic acid salts of zinc, iron, and tin.

[0246] High energy sources suitable for treating the coated
metal surface can be classified as radiative or non-radiative.
Some examples of radiative energy sources include micro-
waves, ultraviolet light, x-rays, and gamma rays. Other
radiative energy sources can be in the form of particle
bombardment, such as used in electron or neutron bombard-
ment. An example of a non-radiative energy source is
ultrasound, and particularly high frequency ultrasound.

[0247] The method described above can be practiced in
any suitable environment. For example, the method can be
practiced under typical humidity, pressure, and air compo-
sition. Alternatively, the method can be practiced by using,
for example, a low humidity or high humidity environment,
or a reduced pressure or increased pressure environment, or
a reduced oxygen, oxygen-free, or increased oxygen envi-
ronment.

[0248] Examples have been set forth below for the pur-
pose of illustration and to describe the best mode of the
invention at the present time. However, the scope of this
invention is not to be in any way limited by the examples set
forth herein.



US 2006/0269760 Al

EXAMPLES
Example 1

Preparation of Corrosion-Resistant Metal Surfaces

[0249] A soaking bath of the following composition was
prepared by mixing all of the following ingredients with a
magnetic stirrer at room temperature: 0.1-10.0 weight per-
cent (wt %) of 3-aminopropylsilanetriol, 0.03-1.5 wt % of
cerium (III) acetate hydrate, and 99.9-88.5 wt % water. The
ingredients were mixed until the powdery cerium acetate
hydrate compound was completely dissolved.

[0250] Steel and aluminum substrates were coated in the
following manner. First, to remove any surface contami-
nants, the substrates were immersed for 20 minutes at 80° C.
in an alkaline solution consisting of 0.4 wt % sodium
hydroxide, 2.8 wt % tetrasodium pyrophosphate, 2.8 wt %
sodium bicarbonate, and 94.0 wt % water. The alkali-
cleaned substrates were washed with deionized water at 25°
C. for approximately 1 minute, and then dried for approxi-
mately 15 minutes at 100° C. The metal substrates were then
dipped into the above soaking bath at room temperature and
withdrawn slowly. Alternatively, the substrates were wetted
by spraying the solution using a spray gun. The wetted metal
substrates were heated in an oven for 2-6 hours at 90-150°
C. to yield solid films.

Example 2

Corrosion Test Results

[0251] A salt-fog test of the steel substrate performed at
35° C. showed that the lifetime of the steel substrate was
dramatically increased to approximately 768 hours, as com-
pared to approximately 10 hours for bare steel. A salt-spray
resistance test of the aluminum substrate showed that the
salt-spray resistance of the aluminum substrate was dramati-
cally increased to more than 1440 hours, as compared with
approximately 40 hours for bare aluminum.

[0252] Thus, whereas there have been described what are
presently believed to be the preferred embodiments of the
present invention, those skilled in the art will realize that
other and further embodiments can be made without depart-
ing from the spirit of the invention, and it is intended to
include all such further modifications and changes as come
within the true scope of the claims set forth herein.

1. A corrosion-resistant metal surface comprising a metal
surface having thereon an ultrathin corrosion-resistant film
comprised of a combination of an at least partially
crosslinked amido-functionalized silanol component and
rare-earth metal oxide nanoparticles, said ultrathin corro-
sion-resistant film having a thickness of less than ten nanom-
eters.

2. The corrosion-resistant metal surface according to
claim 1, wherein said rare-earth metal oxide nanoparticles
are comprised of an oxide of one or more metal ions selected
from the group consisting of lanthanide metals, actinide
metals, or a combination thereof.

3. The corrosion-resistant metal surface according to
claim 2, wherein said rare-earth metal oxide nanoparticles
are selected from the group consisting of lanthanide metal
oxide nanoparticles.
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4. The corrosion-resistant metal surface according to
claim 3, wherein said rare-earth metal oxide nanoparticles
comprise cerium oxide nanoparticles.

5. The corrosion-resistant metal surface according to
claim 3, wherein said rare-earth metal oxide nanoparticles
comprise samarium oxide nanoparticles.

6. The corrosion-resistant metal surface according to
claim 1, wherein said at least partially crosslinked amido-
functionalized silanol component is comprised of at least
partially crosslinked versions of one or more silanol com-
pounds represented by the formula

RYLRL R3Si(OH)y nr (6]

wherein R', R?, and R? each independently represent H;
or a saturated or unsaturated, straight-chained or
branched, or cyclic, polycyclic, fused, or acyclic hydro-
carbon group having 1 to 50 carbon atoms; wherein for
at least one of said one or more silanol compounds, at
least one of R', R?, and R? represent said hydrocarbon
groups and at least one of said hydrocarbon groups has
one or more hydrogen atoms substituted by one or more
primary amino groups, one or more of which are
N-acylated with one or more acyl groups; or alterna-
tively, or in addition, one or more secondary carbon
atoms substituted by one or more secondary amino
groups, one or more of which are N-acylated with one
or more acyl groups;

optionally, one or more of said hydrocarbon groups, either
substituted or not substituted by said one or more
primary or secondary amino groups, have one or more
carbon atoms substituted by one or more additional
heteroatom linkers or heteroatom groups; or alterna-
tively, or in addition, have one or more hydrogen atoms
substituted by one or more additional heteroatom
groups;

optionally, when two or all of R, R?, and R? are present

and said two or all of R*, R? and R> are hydrocarbon
groups, two or three of said hydrocarbon groups are
connected to form a silicon-containing ring or polycy-
clic ring system; m, n, and r independently represent 0
or 1, provided that m, n, and r are not all 0; and when
m, n, and r are all 1, then at least one of R*, R?, and R?
is additionally substituted with one or more groups
selected from =Si(OH), =Si(OH),, or —Si(OH);,
wherein the symbols = and = represent two and three
separate single bonds, respectively, wherein each single
bond is between a silicon atom and a carbon atom or
between a silicon atom and a or suitable heteroatom.

7. The corrosion-resistant metal surface according to
claim 6, wherein said one or more additional heteroatom
linkers or heteroatom groups are one or more silano linkers
or silano groups.

8. The corrosion-resistant metal surface according to
claim 6, wherein said one or more acyl groups are indepen-
dently represented by the formula

R*—C(0)— ®

wherein R* independently represents H; or a saturated or
unsaturated, straight-chained or branched, or cyclic,
polycyclic, fused, or acyclic hydrocarbon group having
1 to 50 carbon atoms.

9. The corrosion-resistant metal surface according to
claim 8, wherein said one or more silanol compounds are
silanetriol compounds independently represented by the
formula

RISi(OH);4 )
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wherein R' independently represents a saturated or unsat-
urated, straight-chained or branched, or cyclic, polycy-
clic, fused, or acyclic hydrocarbon group having 1 to 50
carbon atoms, wherein for at least one of said one or
more silanetriol compounds, one or more hydrogen
atoms of said hydrocarbon group are substituted by one
or more primary amino groups, one or more of which
are N-acylated with one or more acyl groups; or
alternatively, or in addition, one or more secondary
carbon atoms of said hydrocarbon group are substituted
by one or more secondary amino groups, one or more
of which are N-acylated with one or more acyl groups.
10. The corrosion-resistant metal surface according to
claim 9, wherein R! represents the formula

R*—C(0)—NH—(CH,),— (6)

wherein R* independently represents a saturated or unsat-
urated, straight-chained or branched, or cyclic, polycy-
clic, fused, or acyclic hydrocarbon group having 1 to 50
carbon atoms; and p represents an integer from 1 to 50.

11. The corrosion-resistant metal surface according to
claim 10, wherein p is an integer from 1 to 20, and R*
independently represents a saturated or unsaturated, straight-
chained or branched, cyclic or acyclic hydrocarbon group
having 1 to 10 carbon atoms.

12. The corrosion-resistant metal surface according to
claim 11, wherein R* is a methyl group.

13. The corrosion-resistant metal surface according to
claim 11, wherein the at least partially crosslinked amido-
functionalized silanol component is comprised of at least
partially crosslinked versions of N-acylated derivatives of
one or more amino-functionalized silanetriols independently
selected from aminomethylsilanetriol, 2-aminoethylsilan-
etriol, 3-aminopropylsilanetriol, 4-aminobutylsilanetriol,
S-aminopentylsilanetriol, 6-aminohexylsilanetriol, 7-amino-
heptylsilanetriol, 8-aminooctylsilanetriol, 9-aminononylsi-
lanetriol, 10-aminodecylsilanetriol, 11-aminoundecylsilan-
etriol, 12-aminododecylsilanetriol,
16-aminohexadecylsilanetriol, or 18-aminooctadecylsilan-
etriol.

14. The corrosion-resistant metal surface according to
claim 13, wherein said one or more amino-functionalized
silanetriols is 3-aminopropylsilanetriol.

15. The corrosion-resistant metal surface according to
claim 6, wherein a portion of the silicon atoms in said at least
partially crosslinked amido-functionalized silanol compo-
nent are bound to carboxylate-containing groups.

16. The corrosion-resistant metal surface according to
claim 15, wherein said carboxylate-containing groups are
independently represented by the formula

R—C(O)O— @)

wherein R® independently represents H; or a saturated or
unsaturated, straight-chained or branched, or cyclic,
polycyclic, fused, or acyclic hydrocarbon group having
1 to 50 carbon atoms.

17. The corrosion-resistant metal surface according to
claim 16, wherein R® independently represents a saturated or
unsaturated, straight-chained or branched, cyclic or acyclic
hydrocarbon group having 1 to 12 carbon atoms.

18. The corrosion-resistant metal surface according to
claim 17, wherein said carboxylate-containing groups are
acetate groups.
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19. A corrosion-resistant metal surface comprising a metal
surface coated with an ultrathin corrosion-resistant film
comprised of a combination of an at least partially
crosslinked N-acylated aminoalkylsilanetriol component
and cerium oxide nanoparticles, said ultrathin corrosion-
resistant film having a thickness of less than ten nanometers.

20. A corrosion-resistant metal surface comprising a metal
surface coated with an ultrathin corrosion-resistant film
comprised of a combination of an at least partially
crosslinked N-acylated aminoalkylsilanetriol component
and samarium oxide nanoparticles, said ultrathin corrosion-
resistant film having a thickness of less than ten nanometers.

21. The corrosion-resistant metal surface according to
claim 7, wherein the metal surface is selected from the group
consisting of aluminum, aluminum alloy, steel, iron, iron
alloy, copper, copper alloy, lead, nickel, nickel alloy, zinc,
zinc alloy, cobalt, cobalt alloy, chromium, and chromium
alloy.

22. The corrosion-resistant metal surface according to
claim 21, wherein the metal surface is aluminum.

23. The corrosion-resistant metal surface according to
claim 21, wherein the metal surface is an aluminum alloy.

24. The corrosion-resistant metal surface according to
claim 23, wherein the aluminum alloy is an aluminum-
copper alloy.

25. The corrosion-resistant metal surface according to
claim 23, wherein the aluminum alloy is an aluminum-
magnesium alloy.

26. The corrosion-resistant metal surface according to
claim 21, wherein the metal surface is a steel.

27. The corrosion-resistant metal surface according to
claim 26, wherein the steel is a low carbon steel.

28. The corrosion-resistant metal surface according to
claim 26, wherein the steel is a medium carbon steel.

29. The corrosion-resistant metal surface according to
claim 26, wherein the steel is a high carbon steel.

30. The corrosion-resistant metal surface according to
claim 26, wherein the steel is a galvanized steel.

31. The corrosion-resistant metal surface according to
claim 26, wherein the steel is a zinc phosphated steel.

32. The corrosion-resistant metal surface according to
claim 26, wherein the steel is a stainless steel.

33. The corrosion-resistant metal surface according to
claim 21, wherein the metal surface is copper.

34. The corrosion-resistant metal surface according to
claim 21, wherein the metal surface is a copper alloy.

35. The corrosion-resistant metal surface according to
claim 34, wherein the metal surface is a bronze.

36. The corrosion-resistant metal surface according to
claim 34, wherein the metal surface is a brass.

37. The corrosion-resistant metal surface according to
claim 21, wherein the metal surface is iron.

38. The corrosion-resistant metal surface according to
claim 21, wherein the metal surface is an iron-copper alloy.

39. The corrosion-resistant metal surface according to
claim 21, wherein the metal surface is nickel.

40. The corrosion-resistant metal surface according to
claim 21, wherein the metal surface is a nickel-alloy.

41. The corrosion-resistant metal surface according to
claim 21, wherein the metal surface is passivated.

42. The corrosion-resistant metal surface according to
claim 41, wherein the metal surface is anodized.

43. A method for producing a corrosion-resistant metal
surface, the method comprising forming on a metal surface
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an ultrathin corrosion-resistant film comprised of a combi-
nation of an at least partially crosslinked amido-functional-
ized silanol component and rare-earth metal oxide nanopar-
ticles, thereby rendering said metal surface corrosion-
resistant.

44. The method according to claim 43, wherein said
ultrathin corrosion-resistant film is formed by subjecting a
metal surface having thereon one or more silanol com-
pounds in combination with one or more rare-earth metal
carboxylate compounds, to one or more treatment steps
which promote or effect silanol crosslinking of said one or
more silanol compounds and degradation of said one or
more rare-carth metal carboxylate compounds to rare-earth
metal oxide nanoparticles, wherein one or more of said
silanol compounds are amino-functionalized.

45. The method according to claim 43, wherein said one
or more treatment steps comprises thermally treating said
metal surface at a temperature and for a time sufficient to
produce said corrosion-resistant metal surface.

46. The method according to claim 43, wherein said
combination is applied onto the metal surface as a solution
comprised of said one or more silanol compounds and said
one or more rare-earth metal carboxylate compounds in a
liquid phase.

47. The method according to claim 46, wherein said liquid
phase is aqueous-based and said solution is an aqueous-
based solution.

48. The method according to claim 46, wherein the metal
surface is dipped into said solution.

49. The method according to claim 46, wherein said
solution is sprayed onto the metal surface.

50. The method according to claim 43, wherein said one
or more rare-earth metal carboxylate compounds are
selected from the group of lanthanide metal carboxylates
and/or actinide metal carboxylates.

51. The method according to claim 50, wherein said one
or more rare-earth metal carboxylate compounds are
selected from the group of lanthanide metal carboxylates.

52. The method according to claim 51, wherein said one
or more lanthanide metal carboxylates are comprised of a
carboxylate component independently represented by the
formula

R>—C(0)O~ @)

wherein R® independently represents a saturated or unsat-
urated, straight-chained or branched, or cyclic, polycy-
clic, fused, or acyclic hydrocarbon group having 1 to 50
carbon atoms; and one or more metal ions selected
from lanthanum, cerium, praesodymium, neodymium,
promethium, samarium, europium, gadolinium, ter-
bium, dysprosium, holmium, erbium, thulium, ytter-
bium, or lutetium.

53. The method according to claim 52, wherein R®
independently represents a saturated or unsaturated, straight-
chained or branched, cyclic or acyclic hydrocarbon group
having 1 to 12 carbon atoms.

54. The method according to claim 52, wherein said one
or more lanthanide metal carboxylates comprises a cerium
carboxylate.

55. The method according to claim 54, wherein said
cerium carboxylate is cerium acetate.

56. The method according to claim 52, wherein said one
or more lanthanide metal carboxylates comprises a
samarium carboxylate.
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57. The method according to claim 56, wherein said
samarium carboxylate is samarium acetate.

58. The method according to claim 50, wherein said one
or more rare-earth metal carboxylate compounds are
selected from the group of actinide metal carboxylates.

59. The method according to claim 43, wherein said one
or more silanol compounds are independently represented
by the formula:

R', R, R? Si(OH) g &Y

wherein R', R?, and R? each independently represent H;
or a saturated or unsaturated, straight-chained or
branched, or cyclic, polycyclic, fused, or acyclic hydro-
carbon group having 1 to 50 carbon atoms; wherein for
at least one of said one or more silanol compounds, at
least one of R', R?, and R? represent said hydrocarbon
groups and at least one of said hydrocarbon groups has
one or more hydrogen atoms substituted by one or more
primary amino groups; or alternatively, or in addition,
one or more secondary carbon atoms substituted by one
or more secondary amino groups;

optionally, one or more of said hydrocarbon groups either
substituted or not substituted by said one or more
primary or secondary amino groups have one or more
carbon atoms substituted by one or more additional
heteroatom linkers or heteroatom groups; or alterna-
tively, or in addition, have one or more hydrogen atoms
substituted by one or more additional heteroatom
groups;

optionally, when two or all of R*, R?, and R are present
and said two or all of R*, R? and R> are hydrocarbon
groups, two or three of said hydrocarbon groups are
connected to form a silicon-containing ring or polycy-
clic ring system;

m, n, and r independently represent O or 1, provided that
m, n, and r are not all 0; and when m, n, and r are all
1, then at least one of R', R% and R? is additionally
substituted with one or more groups selected from
=Si(OH), =Si(OH),, or —Si(OH);, wherein the sym-
bols = and = represent two and three separate single
bonds, respectively, wherein each single bond is
between a silicon atom and a carbon atom or between
a silicon atom and a suitable heteroatom.
60. The method according to claim 59, wherein said one
or more silanol compounds are one or more silanetriol
compounds independently represented by the formula

RISi(OH);4 ()]

wherein R' independently represents a saturated or unsat-
urated, straight-chained or branched, or cyclic, polycy-
clic, fused, or acyclic hydrocarbon group having 1 to 50
carbon atoms, wherein for at least one of said one or
more silanetriol compounds, one or more hydrogen
atoms of said hydrocarbon group are substituted by one
or more primary amino groups; or alternatively, or in
addition, one or more secondary carbon atoms of said
hydrocarbon group are substituted by one or more
secondary amino groups.

61. The method according to claim 59, wherein said one
or more silanol compounds are derived by water-mediated
hydrolysis of one or more siloxane compounds indepen-
dently represented by the formula:

R', R, R SIORY) 3)
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wherein R', R?, and R? each independently represent H;
or a saturated or unsaturated, straight-chained or
branched, or cyclic, polycyclic, fused, or acyclic hydro-
carbon group having 1 to 50 carbon atoms; wherein for
at least one of said one or more siloxane compounds, at
least one of R*, R?, and R? represent said hydrocarbon
groups and at least one of said hydrocarbon groups has
one or more hydrogen atoms substituted by one or more
primary amino groups; or alternatively, or in addition,
one or more secondary carbon atoms substituted by one
or more secondary amino groups;

R* independently represents a saturated or unsaturated,
straight-chained or branched, cyclic or acyclic hydro-
carbon group having 1 to 6 carbon atoms, or a silano
group;

optionally, one or more hydrocarbon groups, either sub-
stituted or not substituted by said one or more primary
and/or secondary amino groups, have one or more
carbon atoms substituted by one or more additional
heteroatom linkers or heteroatom groups; or alterna-
tively, or in addition, have one or more hydrogen atoms
substituted by one or more additional heteroatom
groups;

optionally, when two or all of R*, R?, and R are present
and said two or all of R, R? and R? are hydrocarbon
groups, two or three of said hydrocarbon groups are
connected to form a silicon-containing ring or polycy-
clic ring system;

m, n, and r independently represent 0 or 1, provided that
m, n, and r are not all 0; and when m, n, and r are all
1, then at least one of R*, R?, and R? is additionally
substituted with one or more groups selected from
=Si(ORY), =Si(ORY),, or —Si(ORY),, wherein RY
independently represents H; or a saturated or unsatur-
ated, straight-chained or branched, cyclic or acyclic
hydrocarbon group having 1 to 6 carbon atoms, or a
silano group; and the symbols = and = represent two
and three separate single bonds, respectively, wherein
each single bond is between a silicon atom and a carbon
atom or between a silicon atom and a suitable heteroa-
tom.

62. The method according to claim 61, wherein said
water-mediated hydrolysis is aided by the inclusion of a
catalytic amount of an acid.

63. The method according to claim 61, wherein said one
or more siloxane compounds are independently represented
by the formula

RISi(OR%), *

wherein R! represents a saturated or unsaturated, straight-
chained or branched, or cyclic, polycyclic, fused, or
acyclic hydrocarbon group having 1 to 50 carbon
atoms, wherein one or more hydrogen atoms of said
hydrocarbon group are substituted by one or more
primary amino groups; or alternatively, or in addition,
one or more secondary carbon atoms of said hydrocar-
bon group are substituted by one or more secondary
amino groups, and

R* independently represents a saturated or unsaturated;
straight-chained or branched; cyclic or acyclic hydro-
carbon group having 1 to 6 carbon atoms, or a silano

group.
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64. The method according to claim 63, wherein said
water-mediated hydrolysis is aided by the inclusion of a
catalytic amount of an acid.

65. The method according to claim 60, wherein R'
represents the formula

HN—(CH)p— ®)

wherein p represents an integer from 1 to 50.

66. The method according to claim 65, wherein p is an
integer from 1 to 20.

67. The method according to claim 66, wherein one or
more silanol compounds are independently selected from
aminomethylsilanetriol, 2-aminoethylsilanetriol, 3-amino-
propylsilanetriol, 4-aminobutylsilanetriol, S-aminopentylsi-
lanetriol, 6-aminohexylsilanetriol, 7-aminoheptylsilanetriol,
8-aminooctylsilanetriol, 9-aminononylsilanetriol, 10-ami-
nodecylsilanetriol, 11-aminoundecylsilanetriol, 12-amin-
ododecylsilanetriol,  16-aminohexadecylsilanetriol, or
18-aminooctadecylsilanetriol.

68. The method according to claim 67, wherein said one
or more silanol compounds is 3-aminopropylsilanetriol.

69. The method according to claim 45, wherein the metal
surface is heated to within a temperature range of approxi-
mately 40° C. to 250° C.

70. The method according to claim 69, wherein the metal
surface is heated to within a temperature range of approxi-
mately 90° C. to 150° C.

71. The method according to claim 69, wherein the metal
surface is heated for approximately 0.5 to 48 hours.

72. The method according to claim 70, wherein the metal
surface is heated for approximately 1 to 24 hours.

73. The method according to claim 72, wherein the metal
surface is heated for approximately 2 to 6 hours.

74. A method for producing a corrosion-resistant metal
surface, the method comprising treating a metal surface
wetted with an aqueous solution comprised of a combination
of one or more silanetriol compounds and one or more
cerium carboxylate compounds at a temperature and for a
time sufficient to produce said corrosion-resistant metal
surface, wherein one or more of said silanetriol compounds
are amino-functionalized.

75. The method according to claim 74, wherein said one
or more silanetriol compounds is 3-aminopropylsilanetriol
and said cerium carboxylate compound is cerium acetate.

76. A method for producing a corrosion-resistant metal
surface, the method comprising treating a metal surface
wetted with an aqueous solution comprised of a combination
of one or more silanetriol compounds and one or more
samarium carboxylate compounds at a temperature and for
a time sufficient to produce said corrosion-resistant metal
surface, wherein one or more of said silanol compounds are
amino-functionalized.

77. The method according to claim 74, wherein said one
or more silanetriol compounds is 3-aminopropylsilanetriol
and said samarium carboxylate is samarium acetate.

78. An ultrathin corrosion-resistant film comprised of a
combination of an at least partially crosslinked amido-
functionalized silanol component and rare-earth metal oxide
nanoparticles, said ultrathin corrosion-resistant film having
a thickness of less than ten nanometers.



